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Chemokines recruit leukocytes by binding and activating 7-transmembrane G-
protein coupled receptors present on the cell surface. Ligand-receptor interaction is 
complex and involves a broad range of affinities and selectivities. Furthermore, 
receptor binding involves interaction of both monomeric and dimeric ligands. 
Interactions between the ligand N-loop and the receptor N-domain (site-I), and 
between the ligand N-terminus and the receptor extracellular loops (site-II) mediate 
binding affinity, receptor selectivity and activation. However, the structural basis of 
how these interactions mediate affinity and selectivity is not known. Therefore studies 
in this dissertation are focused on the structural basis of interaction of chemokines, 
IL-8 and MGSA monomers and dimers with their receptors CXCR1 and CXCR2. 
CXCR1 is specific and binds IL-8 alone with high affinity, whereas CXCR2 is 
promiscuous and binds both ligands with high affinity. The receptor structures are not 
known, and also due to the intrinsic difficulties of working with receptors, structural 
studies were carried out to describe site-I interactions using the isolated receptor N-
domains.  

 
Chapter I provides an introduction to the chemokine-receptor system.  Chapter 

II of the dissertation focuses on characterizing the structural basis of differential 
binding of IL-8 monomers and dimers to the CXCR1 N-domain. Using binding 
induced NMR chemical shift perturbations and line broadening changes, it was shown 
that a network of extensive direct and indirect coupled interactions mediate site-I 
binding of the IL-8 monomer and dimer and that these interactions play a 
fundamental role in determining binding affinity. Chapter III describes the 
characterization of the structural basis of CXCR2 receptor N-domain binding of IL-8 
and MGSA monomers and dimers, and how coupled interactions between site-I and 
site-II play a key role in determining receptor affinity and selectivity. Chapter IV 
describes the structural studies and mechanistic description of how the steric bulk of 
Ile10, a solvent exposed hydrophobe in the IL-8 N-loop, mediates CXCR1 binding 
affinity. It was observed that mutating Ile10 to Ala does not affect site-I binding 
affinity, but negatively regulates site-II binding, resulting in reduced overall receptor 
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binding affinity and activity. Finally, Chapter V describes attempts and progress 
towards designing inhibitors that target site-I interaction, and how this data could be 
used for future inhibitor design against chemokine-mediated inflammatory and 
autoimmune diseases. 
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CHAPTER I 

 INTRODUCTION 

 

The Chemokine System 

 

Chemokines or ‘chemotactic cytokines’ are small secretory proteins that 

belong to the cytokine family, and play key regulatory roles in such diverse processes 

as organ development, homeostasis, host defense against infection and inflammation, 

and leukocyte trafficking (1, 2). During host defense against infection, chemokines 

recruit leukocytes to the site of infection by binding and activating 7-transmembrane 

(TM) G-protein coupled receptors (GPCR) on the cell surface (3). To date, more than 

40 chemokines and 19 receptors have been identified (4). Chemokines are mainly 

classified into CXC, CC, C or CX3C based on the presence of conserved cysteine 

residues (5). The receptors are classified according to the ligands they bind. The 

majority of chemokines fall into the CXC and CC subclass. The CXC chemokines are 

further classified into ‘ELR’ and ‘non-ELR’, based on the presence or absence of this 

motif before the first cysteine at the N-terminus.  

 

 Under normal circumstances, chemokines play beneficial roles such as cell 

trafficking and modulating immune response; however, they can potentially cause 

significant damage when they function as pathologically dysregulated molecules. 

Indeed, chemokines and their receptors are intimately involved in the onset and 

progression of numerous inflammatory and autoimmune diseases such as 

atherosclerosis, rheumatoid arthritis, and as well as cancer and HIV infection, and so 

are extremely attractive drug targets (6-10).  

 

Chemokine-mediated leukocyte recruitment is a fine tuned process and 

involves the following steps (1, 11) (Figure 1.1). During conditions of infection or 

injury, there is a local upregulation of proinflammatory chemokines in response to 

signaling molecules such as tumor necrosis factor-α (TNF-α) and interferon-gamma 

(IFN-γ). Chemokines bind and activate receptors present on the leukocyte cell 
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surface, resulting in leukocyte rolling, adhesion, shape change and extravasation 

through the endothelial cell surface. Leukocytes migrate towards the site of infection 

or injury following the chemokine gradient in the extracellular matrix. Each of these 

processes plays a key role in fine-tuning of chemokine regulation and can be 

exploited for drug design against inflammation (10, 12). For my doctoral work, I have 

focused exclusively on structure-function studies of ligand-receptor interactions using 

the pro-inflammatory chemokines IL-8 and MGSA and their receptors.  

 

Chemokine-receptor system: Structure-function 

 

Chemokine-receptor interaction is complex, involving a broad range of 

affinities, and selectivities with individual ligands binding multiple receptors, and 

individual receptors binding multiple ligands (13). There is also a subset of receptors 

that stringently bind a single ligand with high specificity. Understanding this complex 

nature of chemokine-receptor interaction is extremely challenging, and requires 

information on the structures of the ligands and the receptors, as well as knowledge of 

the structural basis of their interaction. Even though chemokines show large 

differences in sequence identity, the structures indicate that all chemokines share a 

common tertiary fold consisting of a short N-terminus, followed by an extended N-

loop, three antiparallel β-strands and a C-terminal α-helix (14-29).  

 

 Structural and functional characteristics of the ligands have been extensively 

studied, but very little is known about the structural basis of receptor function. This is 

mainly because the structures of the receptors are not known. Solving their structures 

has been a challenging task because they are membrane bound proteins, and therefore 

one has to overcome roadblocks such as protein expression, purification, 

reconstitution and limitations in current NMR and X-ray methods. However, a few 

GPCR structures are now available including those of bovine rhodopsin, and human 

β2-adrenergic receptor (30-35). These studies have laid the foundation for 

understanding the molecular mechanisms involved in GPCR activation and function 

but have not provided any insights into how chemokines bind their receptors.  
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Chemokine monomers and dimers 

 

A shared feature of all chemokines is their ability to exist as monomers and 

dimers and in some cases, higher order oligomers (36) (Figure 1.2). The dimerization 

potency varies among different chemokines with some forming strong dimers (Kd 

~nM), and some forming very weak dimers (Kd ~mM). Furthermore, dimer formation 

is also sensitive to solution conditions such as ionic strength and pH (37-39). Using 

trapped monomers, monomeric mutants and trapped dimers, it has been shown that 

both monomers and dimers can activate the receptor (40-46). Together these 

observations indicate that the equilibrium between monomers and dimers that are free 

in solution, bound to GAGs, and at the leukocyte cell surface is likely to play a key 

role in regulating chemokine function. Therefore, knowledge of the structural basis of 

how chemokine monomers and dimers bind and activate their receptors is essential 

for understanding function.  

 

Chemokine-receptor interaction: Dissecting the complexity 

 

 On the basis of structure-function data, a general two-site mechanism of 

receptor binding has been proposed for all chemokines. This involves binding of the 

ligand N-loop to the receptor N-domain (site-I) and binding of the ligand N-terminus 

to one or more receptor exoloops (site-II) (13, 14, 16, 38, 40, 44, 47-75) (Figure 1.3). 

However, nothing is known regarding the molecular mechanisms of these interactions 

and how they mediate ligand binding affinity and selectivity. Towards this, I have 

investigated the structural basis of interaction of IL-8 and MGSA with its receptors 

CXCR1 and CXCR2.  

 

 IL-8 and MGSA belong to the ‘ELR-CXC’ subfamily of chemokines. Among 

all ‘ELR-CXC’ chemokines, IL-8 alone binds both receptors with high nM affinity; 

all others including MGSA bind CXCR2 with high affinity and CXCR1 with low 

affinity (67, 75-78). IL-8 and MGSA structures show that the conformationally 

flexible N-loop and N-terminal regions are tethered to the structural scaffold through 

the conserved disulfides (15, 18, 26). Sequences of all ‘ELR-CXC’ chemokines show 
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that the N-terminal ‘ELR’ residues are conserved, whereas the N-loop residues are 

moderately conserved (Figure 1.4). Numerous site directed mutagenesis and domain-

swapping studies of IL-8 and MGSA have shown that the N-terminal and the N-loop 

residues play a key role in binding affinity, selectivity and activation (49, 53, 56, 59, 

62, 64-68, 74, 76, 79, 80). For instance, using IL-8 and MGSA N-terminal ‘ELR’ 

mutants, it was demonstrated that site-II binding is a low affinity, yet highly specific 

interaction that is important for receptor activation.  

 

IL-8 and MGSA sequences show that the N-loop is longer in IL-8 due to the 

insertion of a Lys (Figure 1.4). IL-8 and MGSA structures show the largest 

conformational difference for the N-loop residues (15, 18, 42) (Figure 1.5). These 

observations suggest that the N-loop residues play a key role in binding affinity and 

specificity. Structure-function data for other chemokines also indicate that the N-

terminus and N-loop plays a key role in binding affinity, specificity and activity (16, 

54, 57, 63, 81). These studies together indicate that the β-strands and the helix act as a 

structural scaffold, and the N-loop and the N-terminus are tethered to the protein core 

through the disulfides for optimal receptor binding and function. Together, these 

observations suggest that site-I and site-II interactions differentially influence receptor 

binding affinity, selectivity and activity. 

 

Characteristics of CXCR1 and CXCR2 receptors 

 

Studies pertaining to CXCR1 and CXCR2 receptors show that both receptors 

exhibit distinct differences in functional regulation. For instance, both receptors 

mediate different cellular responses and differ in their internalization rates (45, 77, 

82-85). Receptor binding studies have shown that CXCR2 is promiscuous and binds 

all ELRCXC chemokines with high affinity, whereas CXCR1 is specific and binds 

only IL-8 with high affinity (58, 75). CXCR1 and CXCR2 receptor sequences show 

that they share an overall similarity of 77%, but the lowest sequence homology is 

observed for residues in the N-domain (involved in site-I interaction), and the C-

domain (involved in signaling) (Figure 1.6).  
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Mutagenesis studies and generation of CXCR1 and CXCR2 chimeras indicate 

that the receptor N-domain plays a key role in binding affinity and specificity (58, 86-

88). A characteristic feature of the receptor N-domains is that they contain negatively 

charged Asp/Glu residues that could play a role in electrostatic interactions with their 

cognate ligands. However, mutagenesis studies of these residues have provided 

conflicting results. It was shown that mutating the Asp/Glu residues in the CXCR1 N-

domain in the context of the intact receptor did not affect binding affinities, and that 

the N-domain residues that play key role in the binding are mostly hydrophobic (61, 

89). However, another mutagenesis study using isolated CXCR1 N-domain peptides 

showed that some of the negatively charged residues are important for binding to 

neutrophil receptors (90). Differences could be due to higher sensitivity in measuring 

the binding affinities using the isolated N-domain. Similar studies on the mutagenesis 

of negatively charged residues in the CXCR2 N-domain showed that mutating Asp8 

and Glu12 resulted in as much as 20 fold reduced binding affinity of IL-8 (59). 

However these residues are not conserved between the two receptors suggesting that 

electrostatic interactions play distinctly different roles between the two receptors 

(Figure 1.6).   

 

 Mutagenesis studies of the isolated CXCR1 N-domain as well as of the 

CXCR1 N-domain in the intact receptor have shown that hydrophobic residues play 

an important role in receptor binding (61, 89, 90). These residues are Pro21, Pro22 

and Tyr27. However, nothing is known regarding the molecular basis of how these N-

domain residues mediate ligand binding. Therefore, knowledge of the structure of the 

complex is essential to describe the structural basis of interaction of the CXCR1 and 

CXCR2 receptor N-domain residues that mediate ligand binding affinity and 

specificity. 

 

For my doctoral research, I have focused on obtaining insights into the 

structural basis of receptor binding affinity and specificity at site-I using the IL-

8/MGSA/CXCR1/CXCR2 system. Insights gained from these studies will provide a 
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good starting point towards dissecting the intricate complexity of the entire 

chemokine-receptor system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 A schematic representation of the chemokine-mediated 
leukocyte recruitment process. Chemokine ligands are shown in blue circles, 
and the receptors corresponding to the 7 transmembrane helices on the 
leukocyte cell surface are shown in pink. Each step plays a key role in the fine-
tuning of chemokine regulation.  
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Figure 1.3  A schematic representation of chemokine-receptor 
interaction. The interaction between ligand N-loop and the receptor N-
domain (site-I) is highlighted in red, and that between ligand N-terminus 
and receptor exoloop (site-II) is highlighted in blue. (Figure adapted from 
ref. 91). 

   

IL-8 Dimer IL-8 Monomer 

Figure 1.2 Structures of a characteristic chemokine dimer and a 
monomer.   
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      IL-8          SAKELRCQCIKTYSKPFHPKFIKELRVIESGPHC--- 
      MGSA     ASVATELRCQCLQTLQ-GIHPKNIQSVNVKSPGPHC--- 
      GROβ       APLATELRCQCLQTLQ-GIHLKNIQSVKVKSPGPHC--- 
      GROγ       ASVVTELRCQCLQTLQ-GIHLKNIQSVNVRSPGPHC--- 
     NAP-2          AELRCMCIKTTS-GIHPKNIQSLEVIGKGTHC--- 
    ENA-78  AGPAAAVLRELRCVCLQTTQ-GVHPKMISNLQVFAIGPQC--- 
     GCP-2   GPVSAVLTELRCTCLRVTLR-VNPKTIGKLQVFPAGPQC--- 
 

Figure 1.4  Sequence alignment of the ‘ELRCXC’ chemokines. The 
conserved ‘ELR’ residues in the N-terminus are shown in blue and the N-loop 
residues are shown in red. For simplicity, residues up to the third conserved 
cysteine are shown. 

 

Figure 1.5 Structural alignment of IL-8 and MGSA. Best-fit 
superimposition of a single subunit of IL-8 (shown in pink) and MGSA (shown 
in cyan) solution structures are shown to highlight the conformational 
difference in the N-loop. The alignment was done using PyMOL (96). 
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Strategy to study site-I interaction 

 

Understanding the structural basis of receptor interactions of IL-8 and MGSA 

becomes challenging without the receptor structures. Our strategy to circumvent this 

bottleneck involves studying site-I interaction using the isolated N-domains. The 

receptor N-domains are unstructured in solution, and N-domain peptides bind IL-8 

and MGSA with micromolar (µM) affinity. Also, eliminating site-II by deleting the 

‘ELR’ residues results in µM binding to the intact receptor (56, 65, 79, 88, 90-93). 

These results together indicate that studying ligand binding to the isolated N-domain 

mimics binding to the N-domain in the intact receptor. Indeed, several studies with 

other chemokines have used isolated N-domain peptides to study site-I interaction and 

observe µM binding affinity (14, 23, 24, 48, 94, 95). Based on the knowledge gained 

from these studies, and from the structure-function studies on other chemokines, we 

have proposed a model for the two-site chemokine-receptor interaction, which takes 

into account that site-I and site-II interactions are not independent, but rather are 

coupled (13). However, nothing is known regarding the structural basis of how 

coupled interactions play a role in mediating binding affinity and receptor selectivity. 

 

On the basis of all the structure-function studies on ligand-receptor 

interaction, I hypothesize that the binding of the chemokine to site-I results in 

structural/dynamic changes in the ligand and/or the receptor, which mediates site-II 

binding, and that the coupling between the two sites is responsible for optimal 

receptor interaction and function. 

 

To address this hypothesis, I have used isolated CXCR1 and CXCR2 N-

domain peptides to study the structural basis of site-I binding of IL-8 and MGSA 

monomers and dimers. Binding induced NMR chemical shift and line broadening 

changes show that the structural and/or dynamic changes that occur on site-I 

interaction play a key role in mediating coupling between the two sites. Studies 

pertaining to this dissertation emphasize the ‘big picture’ of how studying site-I 
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binding using the isolated N-domains provides novel insights into the role of coupled 

interactions in the molecular basis of ligand binding affinity and receptor selectivity.  

 

 

 
 

 

 

CXCR1 MSNITDPQMWD-FD-D--LNFTGMPPADEDYSPCMLETETLNK N-terminal 
CXCR2 MESDSFEDFWKGEDLSNYSYSSTLPPFLLDAAPCEPESLEINK Domain 
 
  
1st TM + 1st cytoloop + 2nd TM 
YVVIIAYALVFLLSLLGNSLVMLVILYSRVGRSVTDVYLLNLALADLLFALTLPIWAAS   
YFVVIIYALVFLLSLLGNSLVMLVILYSRVGRSVTDVYLLNLALADLLFALTLPIWAAS    
  
1st exoloop  3rd TM    2nd cytoloop 
KVNGWIFGTFLCK  VVSLLKEVNFYSGILLLACISV  DRYLAIVHATRTLTQKRHLVK   
KVNGWIFGTFLCK  VVSLLKEVNFYSGILLLACISV  DRYLAIVHATRTLTQKRYLVK   
  
4th TM    2nd exoloop 
FVCLGCWGLSMNLSLPFFLF RQAYHPNNSSPVCYEVLGNDTAKWRMVLR 
FICLSIWGLSLLLALPVLLF RRTVYSSNVSPACYEDMGNNTANWRMLLR 
   
5th TM    3rd cytoloop    6th TM 
ILPHTFGFIVPLFVMLFCYGFTL RTLFKAHMGQKHRAMR VIFAVVLIFLLCWLPYNLVLLA 
ILPQSFGFIVPLLIMLFCYGFTL RTLFKAHMGQKHRAMR VIFAVVLIFLLCWLPYNLVLLA 

3rd exoloop    7th TM    
DTLMRTQVIQETCERRNNIGRALDATE  ILGFLHSCLNPIIYAFIGQNF 
DTLMRTQVIQETCERRNHIDRALDATE  ILGILHSCLNPLIYAFIGQKF   

C-terminal Domain 
RHGFLKILAMHGLVSKEFLARHRVTSY-TSSSVNVSSNL 
RHGLLKILAIHGLISKDSLPKDSRPSFVGSSSGHTSTTL 
  
 
 

Figure 1.6    Sequence alignment of CXCR1 and CXCR2 sequences. 
The residues that are not conserved are shown in red, the residues that are 
conserved are shown in black and the residues in green indicate a 
conservative substitution. Residues in the N-domain that have been shown 
to be important from mutagenesis studies are underlined. 
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CHAPTER II 

 

STRUCTURAL BASIS FOR DIFFERENTIAL BINDING OF THE 

INTERLEUKIN-8 MONOMER AND DIMER TO THE CXCR1 N-DOMAIN: 

ROLE OF COUPLED INTERACTIONS AND DYNAMICS 

 

INTRODUCTION 

 Chemokines constitute the largest subfamily of cytokines and mediate various 

biological processes from organogenesis and homeostasis to recruitment and activation of 

leukocytes during host defense against infection (1, 2). Chemokines exert their function 

by binding and activating 7-TM GPCRs on the cell surface. An imbalance in chemokine 

function can be detrimental and has been attributed to the pathophysiology of several 

inflammatory and autoimmune diseases (7, 9, 10). All chemokines share the fundamental 

property of reversibly existing as monomer and dimer, and therefore knowledge of the 

structural and molecular basis of receptor binding of both monomeric and dimeric species 

is essential to understand how chemokines mediate function.  

Interleukin-8 (IL-8, also known as CXCL8), one of the best studied chemokines, 

plays a critical role in host immune response by binding and activating the CXCR1 

receptor on neutrophils. Structures of a trapped IL-8 monomer and WT dimer are known 

(15, 26). The structure of the monomer is similar to that of the monomeric subunit in the 

dimer, except the C-terminal helical residues that are structured in the dimer are 

unstructured in the monomer. Using trapped monomeric and trapped dimeric IL-8 

variants, it has been shown that both forms can bind the CXCR1 receptor, but the 

monomer is the high-affinity ligand (41). Site-specific mutagenesis and generation of 

chimeric chemokines by swapping similar domains between IL-8 and other chemokines 

have shown that IL-8 N-terminal and N-loop residues play a critical role in mediating 

affinity, activity, and specificity (49, 65, 66, 68, 76, 80). On the basis of these data and 

similar studies with other chemokines, it has been proposed that IL-8 receptor binding 
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involves two interactions: between the IL-8 N-loop and the receptor N-domain residues 

(site-I) and between the IL-8 N-terminal and the receptor extracellular loop residues (site 

-II) (13, 16, 49, 51, 58, 76, 80, 88, 89).  

In this study, the structural basis of CXCR1 N-domain binding of three different 

IL-8 variants, a designed monomer, a trapped dimer, and WT dimer, have been 

characterized using NMR spectroscopy. We used an IL-8(1–66) deletion mutant which is 

a monomer at millimolar concentrations and an IL-8(1–72) R26C mutant which is a 

trapped dimer that contains a disulfide across the dimer interface at the 2 fold symmetry. 

Binding-induced NMR chemical shift perturbation and peak intensity changes in the 

HSQC spectra of the monomer indicate global structural changes and suggest that direct 

and indirect interactions mediate the binding process. In particular, these data show that 

nonsequential residues dispersed through the entire span of the N-loop are involved in 

docking to the receptor N-domain. Most interestingly, NMR data of the WT dimer show 

binding-induced dissociation of the dimer–receptor N-domain complex. NMR data 

including 15N-relaxation measurements for the trapped dimer show evidence of increased 

conformational flexibility in the bound form providing a structural rationale for the 

binding-induced dissociation of the WT dimer. These results together indicate that 

binding is not a localized event, but a global event, and is mediated by extensive coupled 

interactions within the monomer and across the dimer interface and that these interactions 

play a fundamental role in determining binding affinity. 

 

EXPERIMENTAL PROCEDURES 

Design, Expression, and Purification of IL-8 Variants  

WT IL-8 dimerizes at micromolar concentrations, and therefore is a dimer at 

millimolar concentrations used in NMR studies (37, 38, 97). We observe from NMR 

structural and relaxation studies that the IL-8(1–66) deletion mutant is a monomer at 

millimolar concentrations (P. R. B. Joseph and K. Rajarathnam, unpublished results). The 
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trapped R26C dimer was designed by substituting a disulfide across the dimer interface at 

the site of 2-fold symmetry. This mutation does not perturb the dimer interface, and the 

structure of this trapped dimer is similar to that of the WT dimer (41).  

The recombinant IL-8(1–66) monomer, trapped R26C dimer, and the WT were 

generated as described previously (91). All IL-8 variants were expressed in Escherichia 

coli strain BL21(DE3), and 15N-labeled proteins were produced by growing cells in 

minimal medium containing 15NH4Cl as the nitrogen source. Transformed E. coli 

BL21(DE3) cells were grown in minimal medium containing ampicillin to an A600 of 0.8 

and induced with 1 mM isopropyl β-D-thiogalactopyranoside (IPTG) for 8 h at 37 °C. 

Purity and molecular weight of the proteins were confirmed using analytical high-

pressure liquid chromatography (HPLC) and matrix-assisted laser desorption/ionization 

mass spectrometry (MALDI MS), respectively. The CXCR1 N-domain 24-mer 

(LWTWFEDEFANATGMPPVEKDYSP) is the same as that used in our previous studies 

and was synthesized using solid-phase peptide synthesis (91).  

NMR Spectroscopy  

For titration experiments, 15N-labeled WT, trapped R26C dimer, and IL-8(1–66) 

monomer were prepared in 50 mM sodium acetate buffer, pH 6.0, containing 1 mM 2,2-

dimethyl-2-silapentanesulfonic acid (DSS), 1 mM sodium azide, and 10% 2H2O (v/v). 

Chemical shifts were referenced to DSS (98). All H-15NHSQC spectra were acquired at 

30°C using Varian Unity Plus 600 or INOVA 800 MHz spectrometers equipped with 

field gradient accessories. A stock solution of the CXCR1 N-domain peptide prepared in 

the same buffer was used for titration experiments, and NMR spectra of all IL-8 variants 

were collected until essentially no change in chemical shifts was observed. The final 

molar ratios for monomer, trapped R26C dimer, and WT dimer are 3.4, 17.8, and 11.2, 

respectively. Two-dimensional 1H–15N HSQC spectra were acquired with 2048 complex 

points for direct 1H and 128 complex points for indirect 15N dimensions. The spectra were 

processed using NMRPipe and analyzed using NMRView (99, 100). The chemical shifts 

of the WT dimer and the trapped R26C dimer were assigned using previously available 
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assignments (41, 51), and the chemical shifts of the IL-8(1–66) monomer were assigned 

using 15N-edited NOESY and TOCSY, CBCANH, and CBCA-(CO)NH experiments (P. 

R. B. Joseph and K. Rajarathnam, unpublished results).  

The NMR 15N-T2 relaxation experiments were carried out using the gradient 2D 
1H–15N correlation pulse sequences on both the free and the receptor-peptide-bound 

trapped R26C dimer at 30°C on the Varian Unity Plus 600 spectrometer (101). The data 

were acquired at delays of τ = 10, 30, 50, 70, 90, 110, 130, 150, and 170 ms, and the 

delays were scrambled to avoid any systematic errors. We used 16 transients per 

increment for the free form and 128 transients per increment for the bound form due to 

the relatively weak and broadened signals. The T2 values were calculated by weighted 

nonlinear least-squares fits of the peak heights in the 2D spectra to a two-parameter 

exponential decay using the Mathematica suite of programs (102). The uncertainties in T2 

values were taken to be the standard error of the fitted parameters.  

Calculation of Binding Constants  

Apparent dissociation constants (Kd) were determined by fitting the binding-

induced chemical shift changes (Δδ) to the following set of equations (103):  

C = CIL-8 (Δδ/Δδmax)    (2.1) 

where Δδmax is the maximum chemical shift change between bound and free IL-8, CIL-8 is 

the total concentration of IL-8, and C is the concentration of bound IL-8.  

Δδ is the observed chemical shift deviation, given by the equation:  

 

€ 

Δδ = (ΔδH )
2 + (ΔδN /8)

2    (2.2) 

where ΔδH and ΔδN are the 1H and 15N chemical shift changes (in parts per million). C is 

also defined by the equation:  

€ 

C = 0.5 × [(Kd + CIL−8 + Cpep ) − ((Kd + CIL−8 + Cpep )
2 − 4 ×CIL−8 ×Cpep )] (2.3) 
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where Cpep is the total concentration of the peptide. Substituting eq 2.3 in eq 2.1 allows 

estimation of Kd. 

RESULTS 

Binding of the IL-8 Monomer  

For all NMR experiments, unlabeled CXCR1 N-domain peptide was titrated into 
15N-labeled IL-8 variants, and binding was followed by changes in 2D 15N–1H HSQC 

spectral characteristics. Binding-induced changes in chemical shifts are excellent probes 

for mapping binding surfaces involved in protein–protein interactions (104). Line 

broadening of resonances during titration could occur as a consequence of chemical shift 

differences between the free and bound forms and when the binding is in the intermediate 

to fast exchange regime on NMR time scale (105).  

We will first describe the results of the binding of IL-8 monomer and then 

compare and contrast the binding of the trapped dimer and WT dimer. In the monomer, 

peaks corresponding to the N-loop, third β-strand, and the C-terminal helical residues 

showed the largest chemical shift perturbations and also substantial line broadening, 

indicating that these regions play a key role in the binding process (Figure 2.1).  

Role of the N-Loop Residues : Large chemical shift perturbations were observed for N-

loop residues Ile10, Thr12, and Tyr13 and to a lesser extent for residues Ser14, Lys20, 

and Phe21, and peaks corresponding to Lys15 and His18 completely disappear. These 

residues also show the largest decrease in intensity due to line broadening (Figure 2.2). 

The IL-8 structure reveals that these residues span the entire N-loop and that electrostatic 

and hydrophobic/packing interactions mediate binding of IL-8 to the receptor N-domain 

(Figure 2.3, panel A).  
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Ile10, Ser14, Lys15, and Lys20 are solvent exposed (ASA ~ 0.8) and so exert 

their influence by making direct contact with the receptor residues. On the other hand, 

residues Thr12, Tyr13, His18, and Phe21 are partially buried in the structure (ASA ~ 0.3–

0.6); therefore, describing their role in binding on the basis of a static structure is less 

straightforward (Figure 2.3, panel B). For instance, the structure reveals that one face of 

the aromatic ring side chain of His18 and Phe21 is solvent exposed, while the other face 

is buried in the structure and is probably involved in some form of favorable 

packing/aromatic interactions (Figure 2.3, panel A). However, as the N-loop is 

conformationally flexible, the side chain could become completely exposed and engage 

in binding. It is also possible that these residues indirectly influence the binding of Ile10, 

Lys15, and Lys20 through packing interactions. NMR studies of binding-induced 

structural changes of these N-loop mutants are essential to provide a more definite 

answer as to how these residues mediate binding affinity.  

Our NMR data showing that the entire N-loop is involved in receptor binding is 

inconsistent with a structural model proposed by Williams et al. and Hammond et al. (49, 

64). On the basis of mutagenesis, these authors propose a binding site as that formed by 

residues Phe17, Phe21, and Ile22 (49, 64). Our data show only minimal perturbation for 

residues Phe17 and Ile22, discounting any major role for these residues in direct binding. 

Phe17 is largely buried (ASA ~ 0.2) and Ile22 is completely buried, and they are 

involved in extensive packing interactions with each other and with residues Phe21 and 

Leu43. Further, mutation of Phe17 to Ala resulted in an unfolded protein, indicating that 

Phe17 is essential for maintaining the integrity of the structural scaffold and so is 

involved in the presentation of the N-loop residues for receptor binding (49). Similarly, 

we propose that Ile22 is part of the structural scaffold and plays a role in function by 

indirectly influencing the binding of N-loop residues.  

The solution structure of a CXCR1 N-domain peptidomimetic bound to dimeric 

IL-8 has been solved using NMR spectroscopy (51). The structure was determined on the 

basis of intermolecular NOEs between 13C- and 15N-labeled IL-8 and unlabeled CXCR1 
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peptide and reveals that the binding interface predominantly involves the N-loop 

residues, including hydrophobic residues Ile10, Tyr13, Phe17, and Phe21 and charged 

residues Lys11 and Lys15. Our data are largely consistent with the structure, though it is 

very unlikely that Phe17 is involved in direct binding interactions (vide supra).  

Other studies have shown that mutating His18, Lys15, and Lys20 results in 

significant loss of binding, whereas mutating residues Thr12 and Ser14 had only a 

modest effect (53, 64, 66, 76, 80). Our NMR data show that Lys15 and His18 broaden 

out, whereas Thr12 shows large binding-induced perturbation and remains significantly 

weak, indicating that these residues are conformationally flexible in the bound form 

(Figures 2.1 and 2.2). The structure of the complex also fails to reveal specific 

interactions for residues Thr12 and Ser14, suggesting a more subtle role for these 

residues (51). The dynamic nature of these residues in the receptor-bound form suggests 

that such a property could play a more prominent role for receptor activities such as 

chemotaxis and Ca2+ release than for binding affinity.  

Role of the Third β-Strand Residues: The third β-strand residues that are significantly 

perturbed are Glu48, Leu49, Cys50, Leu51, and Asp52 (Figure 2.1, panel C). The ASA 

indicates that Glu48 alone is exposed while others are largely buried. Interestingly, 

Asp52 shows the largest perturbation of all amino acids, which is unexpected considering 

that the CXCR1 N-domain is highly negatively charged. The CXCR1 N-domain 

sequence has only one Lys, and it can be argued that Asp52 interacts with this Lys. 

However, IL-8 also binds CXCR2 receptor with similar high affinity, and the 

corresponding residue in the CXCR2N-domain is a Leu. Asp52 is also significantly 

perturbed on binding to the CXCR2 N-domain (Ravindran et al., unpublished results), 

indicating that the perturbation of Asp52 should be due to indirect interactions.  

The NMR structure of the monomer reveals that both Leu51 andAsp52 interact 

with the N-loop residues, Thr12 and Tyr13 (26), and so binding-induced changes in 

Thr12 and Tyr13 are most likely propagated to Leu51 and Asp52 through packing 

interactions (Figure 2.4, panel A). The structure also reveals that Leu49 is largely buried 
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but nevertheless shows side chain packing interactions with Tyr13, suggesting binding-

induced conformational changes in Tyr13 could be propagated through packing 

interactions to Leu49 (Figure 2.4, panel A). Another mechanism by which 

conformational changes could be propagated is through the Cys9–Cys50 disulfide bridge, 

which tethers the conformationally flexible N-loop to the third β-strand. Chemical shift 

data show that both Cys9 and Cys50 are significantly perturbed and also broaden out 

during the titration (Figures 2.1). These data together indicate that the changes observed 

in the third β-strand are not due to direct binding, but due to indirect coupling interactions 

propagated through the N-loop.  

Structure–function studies of conservatively mutating Asp52 to Asn had no effect 

on binding affinity, indicating that the carboxylate side chain is not important for function 

(64). This is consistent with our conclusion that Asp52 is involved in packing interactions 

and not in direct binding. Mutating Leu49 and Leu51 to Ala results in reduced binding, 

and Glu48 to Lys had no effect on binding (49, 64, 76). We have previously shown that it 

is possible to substitute cysteines with a non-natural cysteine analogue in a disulfide 

without breaking the disulfide and that Cys50 plays a role in receptor binding (106). 

Cys50 like Leu49 and Leu51 is largely buried, and we propose that these residues form a 

part of the hydrophobic core, which functions as a scaffold, and indirectly influence the 

binding of the N-loop residues by coupled interactions.  

Role of the C-Terminal Helix Residues : Significant chemical shift perturbations and line 

broadening are observed for the C-terminal helical residues Val58, Arg60, Val61, Val62, 

and Phe65 (Figures 2.1). ASA data indicate that except Arg60 all other residues are 

buried (ASA < 0.2). We observe a periodicity in chemical shift perturbation with residues 

Val58, Val61, and Phe65 showing the largest change (Figure 2.1). The side chains of 

these residues are oriented in the same direction and are packed against hydrophobic 

residues of the β-strand (Figure 2.4, panel B). Except for Arg60, the remaining solvent-

exposed helical residues Gln59, Glu63, and Lys64 are relatively less perturbed (Figure 

2.1). The side chains of Arg60 and Lys64 are located on the surface of the helix and 
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pointed away from the N-loop (Figure 2.4, panel B). Therefore, the perturbation of the 

C-terminal helical residues cannot be due to direct interaction with the N-domain.  

The role of C-terminal helix for receptor binding and function has been 

investigated using C-terminal deletion mutants and IL-8 chimera containing helices of IP-

10 or PF-4 (65, 66). The chimeras are as active as the WT IL-8, but successive deletion of 

helical residues in WT IL-8 results in progressive loss of binding affinity (68). On the 

other hand, mutagenesis studies have shown that positively charged residues Arg60 and 

Lys64 bind to negatively charged glycosaminoglycans, and such binding has been shown 

to be essential in the neutrophil recruitment process (107). Our NMR studies and the 

structure–function data together indicate that the helical residues are part of the structural 

scaffold and are not involved in direct receptor binding, but indirectly influence the 

binding of the N-loop residues through long-range coupling interactions.  

Role of the First and Second β-Strand Residues: Chemical shift perturbations are also 

observed for residues in the first and second β-strand and in the 40s turn which link the 

second and third β-strands. The extent of perturbation is lower compared to that observed 

for the N-loop, third β-strand, and the C-terminal helix (Figure 2.1). However, 

perturbation is differential, involving relatively large as well as small chemical shift 

changes. For instance, relatively large perturbations are observed for Lys23 and Leu25 in 

the first β-strand, Ile39 and Val41 in the second β-strand, and Leu43 and Ser44 in the 40s 

turn, and in contrast, minimal perturbations are observed for Arg26 in the first β-strand 

and Ile40 in the second β-strand. The monomer structure reveals packing interactions 

between Lys23 and Ser44, between Leu25 and Val41, and between Ile39 and Leu51, 

suggesting indirect coupling interactions as the cause for the observed perturbations (26).  

Hammond et al. have proposed, on the basis of mutagenesis, that Val41 and 

Leu43 play a direct role in receptor binding and that these and N-loop residues Tyr13, 

Phe17, and Ile22 together form a receptor-binding site (64). Williams et al. have 

characterized the function of a wide variety of mutants including those of the 40s residues 

and also studied the consequence of mutation on the tertiary structure using NMR 
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spectroscopy. On the basis of their results, the authors propose that N-loop residues 

Phe17, Phe21, Ile22, and Leu43 form the receptor-binding pocket (49). Skelton et al. also 

propose that Leu43 is involved in binding on the basis of the structure of the complex 

(51).  

Leu43 is largely buried (ASA ~0.2), and the monomer structure reveals that the 

side chain is packed against residues Phe17, Tyr21, and Ile22 (26). Though mutating 

Leu43 to Ala resulted in ~15 fold lower affinity, mutating to Asp had no effect, 

indicating that the large hydrophobic side chain is not critical for binding but important 

for packing interactions (49). Val41 is completely buried and is packed against Leu25 

and Phe17, and mutating it to Ala results only in marginal loss of binding (2-fold), 

suggesting that it cannot be involved in direct binding interactions (49). Though chemical 

shifts of Ile40 are only minimally perturbed, mutating Ile40 to Ala results in substantial 

loss of binding and also in perturbation of the structure, indicating that loss of function is 

due to indirect interactions (49). Our NMR and the mutagenesis data together indicate 

that the 40s residues, if any, play a minimal role in direct binding and, like the C-terminal 

helical and third β-strand residues, are part of the structural scaffold and indirectly 

influence the binding of the N-loop residues by coupling interactions.  

Role of the N-Terminal and 30s Loop Residues: Our NMR data show minimal chemical 

shift and intensity changes in the N-terminal and the 30s loop regions (Figure 2.1). The 

30s loop residues link the first and second β-strands. The N-terminal region binds to the 

receptor extracellular residues (site-II) and is linked to the 30s loop region via the Cys7–

Cys34 disulfide bridge. Mutating the 30s loop residues and the cysteines of the 7–34 

disulfide results in significant loss of binding, indicating a role for coupled interactions in 

site-II binding (66). Minimal chemical shift changes indicate that these regions are not 

directly involved in site-I binding. Perturbation of these residues nevertheless indicates 

that site-I binding could influence site-II binding.  
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FIGURE 2.1     Binding of the IL-8 monomer to the CXCR1 N-domain. 
Sections of the 15N–1H HSQC spectra showing binding-induced chemical shift 
changes of the IL-8 monomer residues (panels A and B). Arrows indicate the 
direction of peak movement, and for some residues (Ile10, Tyr13, Glu48, Leu49, 
Arg60, Phe65) showing large chemical shift changes, the final bound peaks are 
labeled in red. The peaks are color coded according to peptide: protein molar 
ratios of 0 (black), 1.2 (green), and 3.4 (red). The peak for the bound form of 
residue Ile10 is not visible at the contour level shown and is marked by an 
asterisk. Histogram showing the binding-induced chemical shift change (Δδ) of 
the IL-8 monomer (panel C). The residues showing significant perturbation in 
the N-loop, third β-strand, and the C-terminal helix are highlighted in black. 
Chemical shift for Lys15 and His18 are represented by a grey bars as they 
disappear during titration. The grey bar is shown at the same height as that of 
Asp52, which shows the maximum chemical shift change to indicate that the 
perturbation of these residues should be similar or higher than that of Asp52. 
Residues 16, 19, 32, and 53 are prolines. 
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FIGURE 2.2  Binding-induced line broadening of the IL-8 monomer 
residues. A plot showing binding-induced loss of peak intensity for the N-
loop, third β-strand, and the C-terminal helical residues. The unbound 
intensities are normalized to 1. The intensities are shown for peptide protein 
molar ratios of 0.07 (black) and 3.4 (open). Lys15 is broadened out and is 
indicated by a red asterisk. The intensity change for His18 is not available 
due to peak overlap and is denoted by a blue asterisk. 
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A B 

FIGURE 2.3    A molecular plot of the IL-8 monomer (PDB id 1IKM(26)) 
showing the N-loop residues involved in CXCR1 N-domain binding (panel 
A). The solvent-exposed residues, Ile10, Lys15, and Lys20, are highlighted in 
red, and partially buried residues, Thr12, Try13, His18, and Phe21, are 
highlighted in green. The plot was rendered using PyMOL (96). Chemical 
shift changes and ASA (panel B). A plot of the chemical shift change (top y-
axis) and the side chain ASA (bottom y-axis) of the IL-8 monomer N-loop 
residues shows that they are not necessarily correlated. Chemical shift changes 
for Lys15 and His18 are not available due to line broadening and represented 
as grey bars. The ASA of the IL-8 monomer (PDB id 1IKM) was calculated 
using the program VADAR (116). 
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FIGURE 2.4     Binding-induced indirect coupled interactions in third β-
strand residues (panel A). A molecular plot of the IL-8 monomer showing 
packing interactions between the N-loop residues Thr12 and Tyr13 (blue) and the 
third β-strand residues Asp52 and Leu49 (pink). Spheres are shown to highlight 
the side chain packing. One of the methyl groups of Leu49 is packed against the 
aromatic ring of Tyr13, and the side chain carboxylate of Asp52 is in contact with 
the hydroxyl side chain of Thr12. Coupled interactions in the C-terminal helix 
(panel B). A molecular plot of the IL-8 monomer showing the packing 
interactions between the C-terminal helical residues, Val58, Val61, Val62, and 
Phe65 (red), and the β-strand residues, Ile22, Leu25, and Leu51 (blue). Spheres 
are shown to highlight the side chain packing. Solvent-exposed residues Arg60 
and Lys64 are shown in black. The plots were rendered using PyMOL (96). 
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Binding of the IL-8 WT and Trapped R26C Dimer  

WT IL-8 dissociates at micromolar concentrations (Kd ~10 μM) and therefore is 

predominantly dimeric at the NMR concentrations used in this study. Most interestingly, 

we observed a set of new peaks emerging during the latter titration points (>1:1 molar 

ratio), whose chemical shifts correspond to those of the monomer-bound N-domain 

complex (Figure 2.5). These observations indicate receptor N-domain binding induces 

dissociation of the dimer–receptor complex to the monomer–receptor complex. Previous 

titration studies did not report similar binding-induced dissociation (51, 93) and can be 

mainly attributed to the fact that in their studies the final molar ratio was ~1:1, whereas 

we carried out titration up to >10-fold excess of the receptor N-domain.  

In order to better understand the structural basis of dimer binding and binding-

induced dissociation of the dimer-bound complex, we also carried out NMR studies of 

the disulfide-trapped R26C IL-8 dimer. The trapped R26C dimer has been shown to 

behave like the WT dimer but does not dissociate (41). We observe that the extent of 

overall chemical shift perturbation in the trapped dimer is substantially lower compared 

to the monomer. In addition to perturbation of the N-loop, third β-strand, and the C-

terminal helical residues, perturbation of the second β-strand residues is also observed 

(Figure 2.6). Two previous NMR titration studies of WT IL-8 binding to the CXCR1 N-

domain showed a similar chemical shift perturbation profile, including perturbation of the 

40s residues (51, 93). On the basis of monomer NMR data (vide supra), only N-loop 

residues are involved in direct binding, and any chemical shift perturbation for other 

regions, such as the 40s residues, should be due to indirect coupling interactions. 

Therefore, 40s residues in the dimer cannot be involved in direct binding, suggesting 

mechanism(s) other than binding should be contributing to the chemical shift change.  

We observe binding-induced NMR line broadening in the trapped dimer to be 

distinctly different from the monomer. In the case of the monomer, significant line 

broadening was observed only for those residues that are involved in binding either by 

direct or by coupled interactions and could be described as due to exchange between free 
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and receptor-bound form. On initial binding, these peaks in the monomer become weak 

and disappear and then reappear, becoming stronger at later titration points as the 

population of the bound form dominates; these residues also show the largest binding-

induced chemical shift perturbations (Figure 2.1). However, in the case of trapped dimer, 

resonances of almost all residues become weak or completely disappear at later points 

(Figures 2.6, panel B). Most importantly, we observe no correlation between the extent 

of peak intensity change and chemical shift perturbation, indicating that the line 

broadening in the dimer is caused by mechanisms other than exchange between the free 

and bound forms. For instance, in the trapped dimer, Arg47 shows a small binding-

induced chemical shift change, but its line broadening is similar to Ser44 that shows the 

largest chemical shift change (Figures 2.6 and 2.7). However, in the monomer, Arg47 

shows minimal chemical shift change and minimal line broadening, and Ser44 shows 

significant chemical shift change and significant line broadening (Figures 2.1 and 2.7).  

In order to better understand the dynamic characteristics of the trapped dimer, we 

also carried out 15N–T2 relaxation measurements of the free and receptor-bound form. We 

could characterize the relaxation properties of all of the residues of the trapped dimer 

except for the overlapped resonances (Figure 2.8). In stark contrast, we could measure 

relaxation values of only ~25% of the residues in the bound form due to significant line 

broadening. Peaks corresponding to the dimer interface β1 as well as the β2 and β3 

residues broaden out, and only peaks corresponding to the N-terminal, C-terminal helix, 

and loop residues are observed (Figure 2.8). Indeed, previous relaxation measurements 

of the free WT dimer show residues of the β-strand, including those at the dimer 

interface, exhibit chemical exchange line broadening (108). Consistent with our 

observations from the trapped dimer, the authors conclude that these residues undergo 

concerted rather than independent motions due to extensive H-bonding and packing 

interactions.  

Global line broadening is evidence of increased dynamics in the bound form, 

providing a snapshot of events that precede dissociation of the bound complex. We 
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propose that binding induced conformational changes disrupt dimer–interface interactions 

resulting in the dissociation of the complex, and that the receptor-bound dimer is 

thermodynamically unfavored and the receptor-bound monomer is the favored state.  

 

 

FIGURE 2.5   Binding-induced dissociation of the WT IL-8 dimer. 
 A section of the 15N–1H HSQC spectra showing binding-induced chemical 
shift changes in the WT dimer and the appearance of bound monomer 
(labeled as M in red). The peaks are color coded for peptide:protein molar 
ratios of 0 (black), 2.7 (green), and 11.2 (red). 
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FIGURE 2.6     Binding-induced chemical shift changes in the trapped IL-8 
dimer (panel A). The regions showing significant perturbations are the N-loop, 
second β-strand, third β-strand, and the C-terminal helix. For residues that 
completely broaden out in the bound form (Gln8, Thr12, Lys15, Lys20, Leu25, 
Arg26, Glu48, and Asp52), shift changes are calculated from the last observable 
titration point, and data do not exist for four prolines (residues 16, 19, 32, and 53). A 
section of the 15N–1H HSQC titration spectra showing binding-induced chemical 
shift changes in the IL-8 trapped dimer (panel B). The peaks are color coded for 
peptide:protein molar ratios of 0 (black), 1.4 (green), and 2.6 (red). Data for higher 
molar ratios are not shown as peaks either disappear or are significantly weak. 
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FIGURE 2.7    Binding-induced line broadening in dimer vs. 
monomer. Binding-induced intensity changes for the trapped dimer (○) 
and the monomer (●) are shown for residues Ser44 and Arg47. Line 
broadening and chemical shift changes are correlated for the monomer 
but not for the trapped dimer. 
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FIGURE 2.8    Relaxation properties of free and bound trapped IL-8 dimer. 
Overlay of a section of the 15N-T2 relaxation data when there is no relaxation delay 
(τ=0; black) and at T2 delay of τ=70 ms (red) of the free (panel A) and the 
receptor peptide-bound (panel B) trapped dimer. The bound spectrum is shown at 
a level where most of the broadened peaks are visible and is not to scale with 
respect to the unbound spectrum. In contrast to the free monomer where most 
peaks are still visible at a T2 delay of τ=70 ms, additional peaks have disappeared 
in the bound form. The dimer interface residues and the characteristic upfield 
shifted peaks are labeled. (Panel C) Plot of T2 values for the free and bound 
trapped dimer. Due to poor s/n ratio in the bound form, T2 values could be fitted 
only for 18 residues. 
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Binding Affinities of the Monomer and Dimer  

The apparent binding constants for the IL-8(1–66) monomer and the trapped 

R26C dimer were obtained by fitting binding induced chemical shift changes from the 

titration experiments. We observe that the monomer binds the CXCR1 N-domain with an 

affinity of ~10 μM, and the trapped R26C dimer binds with an affinity of ~340 μM. Our 

measured binding constant for the IL- 8(1–66) monomer is similar to the previously 

measured value of ~8 μM using ITC (109). Previous studies have shown that the trapped 

dimer binds the intact CXCR1 receptor with ~70 fold lower affinity than the trapped 

monomer (41). Our observation that the trapped dimer binds the isolated CXCR1 N-

domain with ~35 fold lower affinity indicates that most of the reduced binding is due to 

reduced affinity to the receptor N-domain site. All of these observations together 

emphasize that the dimer is the low-affinity ligand and the monomer is the high-affinity 

ligand for the CXCR1 receptor.  

 

Linkage Scheme  

Results from our titration studies allow us to discuss the linkage scheme of the 

binding of the monomer and dimer to the N-domain (Figure 2.9). The individual steps 

involve binding of the monomer to the receptor N-domain (ΔG1), binding of the dimer to 

the receptor N-domain (ΔG2), dissociation of the dimer to monomer (ΔG3), and 

dissociation of the N-domain-bound dimer to the N-domain-bound monomer (ΔG4). On 

the basis of calculated binding constants (Kd) from our NMR titration studies, free 

energies of monomer and dimer binding to the CXCR1 N-domain are ΔG1 = −13.9 kcal 

mol−1 K−1 and ΔG2 is −5.0 kcal mol−1 K−1. The free energy of dimer dissociation has been 

measured from both ITC and ultracentrifugation methods, ΔG3 = 7.4 kcal mol−1 K−1 (97). 

Therefore, free energy for dissociation of the receptor-bound dimer (ΔG4) is calculated to 

be −1.5 kcal mol−1 K−1. Our observation that binding-induced dissociation of the dimer–
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receptor N-domain complex is thermodynamically favorable suggests that such 

dissociation also occurs on dimer binding to the intact CXCR1 receptor.  

 

 

 

 

 

 

 

 

 

 

 

 

DISCUSSION 

IL-8 belongs to the subclass of CXC chemokines that have the characteristic N-

terminal “ELR” motif. All ELR chemokines recruit and activate neutrophils by binding 

two receptors, CXCR1 and CXCR2. Only IL-8 is a high-affinity ligand for CXCR1, 

whereas all neutrophil-activating chemokines including IL-8 are high-affinity ligands for 

CXCR2. We have shown previously that our trapped IL-8 dimer binds CXCR1 compared 

to CXCR2 with much lower affinity and that dissociation of the WT dimer is essential for 

binding CXCR1 with high affinity (41, 110). Structure–function studies have shown that 

 

FIGURE 2.9   A thermodynamic linkage scheme representing the binding of 
the monomer and trapped dimer to the CXCR1 N-domain.  
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mutating IL-8 N-loop residues results in greater loss for CXCR1 binding, indicating that 

properties of N-loop residues are more stringent for CXCR1 binding (64, 76, 80).  

On the basis of our current data, we propose that the protein core of IL-8 

functions as a structural scaffold that is not rigid, but dynamic and that a network of 

direct and indirect backbone–backbone, backbone–side chain, and side chain–side chain 

interactions are involved in the binding of IL-8 to the CXCR1 N-domain. Residues that 

span the entire N-loop participate in binding to the N-domain, and a combination of 

polar, electrostatic, and hydrophobic/packing interactions mediate this event. Sequence 

analysis reveals that the receptor N-domain is highly negatively charged and shows 

characteristics of an unstructured or minimally structured domain, and so it can be 

envisioned that the receptor N-domain binds IL-8 by the fly-casting mechanism (111). 

The structure of the complex also reveals aromatic/hydrophobic/packing interactions 

between IL-8 aromatic and receptor Pro/aromatic residues and electrostatic interactions 

between IL-8 Lys and receptor N-domain Asp/Glu residues. Our NMR data show that the 

receptor N-domain engages the entire N-loop for the binding, which contrasts previous 

models, where a subset of highly clustered hydrophobic N-loop residues was defined as 

the binding site (49, 64).  

We propose that binding engagement by multiple N-loop residues triggers 

propagated conformational changes throughout the protein and that these changes play a 

critical role in mediating binding affinity and function. Considering that binding-induced 

structural and dynamic changes are extensive, we propose that this binding event as 

active and not passive. It is possible that site-I binding results in conformational changes 

in the receptor triggering downstream interactions and/or triggers changes that are 

essential for site-II binding of IL-8 N-terminal ELR residues to the receptor extracellular 

domain which triggers downstream signaling events for function.  

Binding of several CXC (SDF-1α and IP-10) and CC (RANTES, eotaxin, 

eotaxin-2) chemokines and CX3C chemokine fractalkine to their receptor N-domains has 

been studied using NMR spectroscopy (14, 23, 24, 48, 94, 112). These studies show not 
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only that binding predominantly perturbs chemokine N-loop residues but also 

chemokine-dependent perturbation of other regions of the protein. For instance, 

fractalkine binding to the CX3CR1 N-domain results in significant perturbation of N-

terminal and 30s loop residues, whereas these residues showed negligible chemical shift 

changes in IL-8 (24). These observations together suggest that indirect coupling 

interactions play a critical role for binding of most chemokines and that these interactions 

play a variety of functional roles from contributing to binding affinity, receptor 

selectivity, and/or receptor activation.  

IL-8 function involves binding to receptors on neutrophils and to 

glycosaminoglycans (GAG) on the endothelial cell surface. Under transient conditions of 

injury or infection, IL-8 levels are upregulated and are translocated from the injury site to 

the bloodstream, and so its concentration will vary continuously as a function of space 

and time. Indeed, using a trapped monomer, trapped dimer, and the WT, we observe that 

the WT exists as both monomers and dimers in vivo and that the IL-8 dimer is extremely 

potent in its ability to recruit neutrophils in a mouse model (113). Whereas mice express 

only the CXCR2 receptor on neutrophils, humans express both CXCR1 and CXCR2 

receptors, suggesting that the two receptors play distinctly different roles in humans. IL-8 

plays the dual role of recruiting neutrophils to the site of infection and eliciting cytotoxic 

activities at the site of infection. These events have to be coordinated as the initial 

receptor engagement should lead to recruitment and chemotaxis, and receptor activation 

leading to cytotoxic event should not be triggered until late at the site of infection. It is 

believed in humans that CXCR2 plays a more active role for trafficking neutrophils into 

the tissue and CXCR1 is more active for eliciting cytotoxic events (82). Consistent with 

our observations, the IL-8 dimer is less active for CXCR1-related functions (45), 

suggesting in vivo IL-8 dimerization negatively regulates CXCR1 function.  

Interestingly, the role of dimerization seems to vary from chemokine to 

chemokine. CXC chemokine SDF-1α dimerizes like IL-8, but receptor-binding properties 

of the SDF-1α dimer are distinctly different from the IL-8 dimer (40, 112). Whereas the 
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structure of the IL-8 dimer–receptor complex reveals binding interactions to only one 

subunit, the structure of the trapped SDF-1α–receptor complex reveals that the binding 

involves residues from both subunits of the dimer (42, 51). Whereas binding of the IL-8 

dimer to the CXCR1 N-domain results in the dissociation of the complex, binding of the 

SDF-1α monomer to the CXCR4 N-domain actually results in ligand dimerization (40). 

Though CXC and CC monomer structures are similar, they dimerize using different 

regions of the protein. CXC chemokine dimerization involves the third β-strand and α-

helical residues, and CC chemokine dimerization involves the N-loop residues. The 

disulfide-linked CC dimer MIP-1β was shown to be incapable of binding its receptor, and 

under conditions where both monomer and dimer exist, only the RANTES monomer was 

shown to bind the CCR5 N-domain (94, 114). Nevertheless, CC chemokine monomer 

mutants are inactive in vivo, indicating that their dimerization is essential for functions 

other than for binding their GPCR receptors (115).  

In summary, our results together indicate that the two fundamental properties 

shared by chemokines, the ability to exist as monomers and dimers and the interaction of 

ligand N-loop residues with receptor N-domain residues for binding and function, are not 

independent but coupled. We propose that such coupling interactions play a critical role 

in regulating in vivo function. 
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        CHAPTER III 

 

THE STRUCTURAL BASIS OF CXCR2 RECEPTOR INTERACTION: 

INSIGHTS INTO BINDING AFFINITY AND SELECTIVITY OF  

IL-8 AND MGSA  

 

INTRODUCTION 

 

Chemokine receptors belong to the superfamily of 7-TM GPCRs, and are 

activated by chemokines that are secreted by the immune cells in response to infection 

or injury. Chemokine-receptor interactions show a broad range in selectivity, with a 

single ligand binding just one or multiple receptors, and a single receptor binding 

multiple ligands. Of particular importance, CXCR1 and CXCR2 receptors bind the 

subclass of ELRCXC chemokines including IL-8 and MGSA. CXCR1 is specific and 

binds IL-8 alone with high nM affinity, whereas CXCR2 is promiscuous and binds all 

ELRCXC chemokines including IL-8 and MGSA with high nM affinity (76, 117).   

 

At physiological conditions, IL-8 and MGSA can exist as monomers and 

dimers, and therefore CXCR2 function can be mediated by both monomeric and 

dimeric ligands. Structures of WT IL-8 and MGSA show that they are dimeric, and so 

it was initially thought that the dimer is the functionally relevant form (15, 18). 

Subsequently, using trapped IL-8 and MGSA monomers, it was shown the monomer 

is sufficient for receptor activation (42, 43). Receptor binding studies using trapped 

IL-8 monomers and dimers have shown that the IL-8 dimer binds CXCR2 with lower 

affinity but is as active as the monomer in a wide variety of functions (45). At this 

time, the functional characteristics of monomeric and dimeric MGSA, and the 

structural basis of how IL-8 and MGSA bind and activate CXCR2 are not known.  

 

Mutagenesis and domain swapping studies of CXCR2 and of its ligands have 

consistently shown that site-I interaction plays a key role in ligand binding affinity 

and receptor selectivity (49, 53, 58, 59, 66, 76, 80, 86, 88, 118). However, the 

molecular basis of how site-I interactions mediate ligand binding affinity and receptor 
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selectivity is not known. Towards this, I have studied the binding of the IL-8 and 

MGSA monomers and dimers to the isolated CXCR2 N-domain using NMR 

spectroscopy. For this purpose, I used designed monomers, IL-8 (1-66) and MGSA 

(1-67) deletion variants, and the trapped IL-8 R26C and trapped MGSA N27C 

dimers. 

 

NMR chemical shift perturbation data showed that all the variants bound the 

CXCR2 N-domain in a similar fashion involving essentially the same set of N-loop 

residues. However, the measured binding affinities showed that the MGSA monomer 

compared to the IL-8 monomer binds CXCR2 N-domain with ~6 fold higher affinity, 

IL-8 monomer and dimer show similar affinities, and the MGSA monomer binds with 

~5 fold higher affinity than the MGSA dimer. These observations provide crucial 

evidence that site-I binding interactions are important, and the measured binding 

affinities also indicate that binding to site-I is intimately coupled to site-II, and that 

differential coupling interactions determine overall binding affinities for IL-8 and 

MGSA monomers and dimers. 

 

EXPERIMENTAL PROCEDURES 

Recombinant IL-8 (1-66) monomer, trapped IL-8 R26C dimer and the WT IL-

8 dimer are the same as that used for our NMR studies described in Chapter 2. Protein 

expression and purification of 15

Design of CXCR2 N-domain constructs 

N-labeled IL-8 and MGSA variants were performed 

as described in Chapter 2.  

Titration studies with the human CXCR2 N-domain involved using two 

constructs namely, CXCR2 N-domain 43-mer and 25-mer. The sequences of these 

peptides, and of the full length CXCR2 N-domain are as follows: 

   Full Length MEDFNMESDSFEDFWKGEDLSNYSYSSTLPPFLLDAAPCEPESLEINK 

CXCR2 N-domain sequences 

         43-mer              MESDSFEDFWKGEDLSNYSYSSTLPPFLLDAAPSEPESLEINK 

         25-mer                                  FWKGEDLSNYSYSSTLPPFLLDAAP 
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The native CXCR2 N-domain sequence has a cysteine, which was mutated to a serine 

in the 43-mer to minimize complications due to disulfide bond formation. The 

peptides were synthesized by solid phase peptide synthesis and their molecular 

weights were confirmed using MALDI MS.  

 

NMR spectroscopy 

For titration experiments involving IL-8 monomers and dimers, 15N-labeled 

IL-8 (1-66) and trapped R26C IL-8 dimer were prepared in 50 mM sodium acetate 

buffer, pH 6.0 containing 1mM DSS, 1 mM sodium azide, and 10% 2H2O (v/v). A 

stock solution of CXCR2 N-domain was prepared in the same buffer, and was titrated 

to final molar ratios of 4.9, 11.4 and 10.6 for the IL-8 monomer, WT IL-8, and the IL-

8 dimer, respectively.  

For titration experiments involving 15N-labeled MGSA samples, (1-67) 

monomer, WT MGSA, and N27C trapped dimer, were prepared in 50 mM potassium 

phosphate buffer containing 1mM DSS, 1 mM sodium azide, and 10% 2H2O (v/v) at 

either pH 5.0 or 6.0. A stock solution of CXCR2 N-domain was prepared in the same 

buffer, and was titrated to final mole ratios of 4.9, 7.1 and 5.2 for the MGSA 

monomer, WT MGSA, and MGSA dimer, respectively. All titration experiments were 

carried out at 30̊ C. Two -dimensional 1H-15N HSQC spectra were acquired after each 

titration of the CXCR2 N-domain, with 2048 complex points in the direct 1H 

dimension and 128 complex points in the indirect 15

Effect of pH and temperature on the conformational heterogeneity of MGSA monomer 

N dimension. 

 

The effect of pH and temperature on the conformational heterogeneity of the 

MGSA monomer were studied by acquiring 1H-15

 

N HSQC spectra at pH 4.5, 5.5 and 

6.5 at 30˚C, and at 20, 30, and 40˚C at pH 4.5, respectively.  
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Chemical shift assignments of MGSA monomer 

Sequential assignments were performed by acquiring three-dimensional 15N-

edited NOESY-HSQC and 15N-edited TOCSY-HSQC spectra with mixing times (τm

RESULTS AND DISCUSSION 

) 

of 150 ms and 100 ms, respectively at 40̊C and pH 4.5 (119). Chemical shifts in all 

spectra were referenced to DSS (98). All spectra were acquired using either Varian 

Unity Plus 600 or INOVA 800-MHz spectrometers equipped with field gradient 

accessories, processed using NMRPipe (99), and analyzed using NMRView (100).   

 

 

Choice of CXCR2 N-domain 

NMR binding studies to the IL-8 monomer were carried out using two CXCR2 

N-domain constructs, 25-mer and 43-mer. Initially, the binding of the 25-mer to the 

IL-8 monomer was studied. Previous binding studies using CXCR1 N-domain 

peptides of different lengths showed that a 24-mer is sufficient for receptor binding 

affinity (Chapter 2). Therefore, a 25-mer CXCR2 N-domain peptide (R2-25mer) was 

designed on the basis sequence alignment with the CXCR1 N-domain 24mer (R1-

24mer).  

Titration of the R2-25mer induced selective perturbations (∆δ >0.06 ppm) of 

the N-loop and third β-strand residues (Figure 3.1, panels A and B). The calculated 

binding constants indicate that the R2-25mer, compared to the R1-24mer, binds the 

IL-8 monomer with ~70 fold lower affinity (Kd

R2-43mer induced larger chemical shift perturbations (∆δ >0.1 ppm) for the 

N-loop, third β-strand, and C-terminal helical residues (Figure 3.1, panels C and D). 

A comparison of the binding-induced chemical shift changes for the two peptides 

indicate essentially the same set of residues are involved in binding, though extent of 

perturbation was lower for the R2-25mer (Figure 3.1, panel E). Calculation of the 

 ~720 µM for R2-25mer vs. ~10 µM 

for R1-24mer). The measured low binding affinity suggested that the R2-25mer could 

be missing some critical binding residues, and therefore a longer 43-mer peptide (R2-

43mer) was designed.  
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binding affinities indicate that the R2-43mer compared to the R2-25mer binds IL-8 

monomer with ~6 fold higher affinity (Kd ~130 µM for the R2-43mer vs. Kd ~720 

µM for the R2-25mer) (Figure 3.1, panel F). From a thermodynamic perspective, the 

observation that the binding of the same residues results in different affinities 

suggests that the differences are due to entropic and not necessarily enthalpic factors. 

It is likely that the higher affinity of the R2-43mer is due to lower loss of binding-

induced conformational entropy. ITC measurements for the binding of IL-8 monomer 

to R2-43mer showed that it is enthalpically favored and entropically neutral (∆H -5.5 

kcal mol-1; T∆S, 0.2 kcal mol-1

 

). ITC experiments for the binding of the R2-25mer 

could not be performed because of its weak binding affinity. The solubility of R2-25 

mer was > 1000 µM and that of the R2-43 mer was ~700 µM. Though the R2-25mer 

had better solubility than the R2-43mer, the R2-43mer was used for the titration 

experiments because of its higher binding affinity to the monomer. 
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Characterization of CXCR2 N-domain-IL-8 monomer interactions 

 
During the titration, line broadening of a number of peaks was observed, but 

there was no direct correlation between chemical shift perturbation and line 

broadening. For instance, Leu49 shows significant binding-induced chemical shift 

change but its line broadening profile is similar to Gly31, which shows minimal 

binding-induced chemical shift change (Figure 3.2). Therefore, line broadening 

cannot be due to the exchange between the free and bound forms, and so the 

discussion of the binding is confined to the chemical shift perturbation data.  

Role of the N-loop residues: Large perturbations were observed for the N-loop 

residues Ile10, Thr12, Tyr13, His18 and Phe21, and to a lesser extent for residues 

Figure 3.1     Binding of the IL-8 monomer to CXCR2 N-domain.  
Panels A and C. Sections of 1H-15N HSQC spectra showing the chemical shift 
changes on binding to R2-25-mer and R2-43-mer. Peaks are color coded for 
peptide:protein mole ratios of 0 (black), 1.6 (green), 6.2 (blue) and 9.3 (red) for the 
binding of the R2-25mer and that of 0 (black), 0.2 (green), 1.0 (blue) and 4.9 (red) 
for the binding of the R2-43mer. Histogram plots showing the total chemical shift 
changes in the IL-8 monomer on binding to R2-25mer and R2-43mer are shown in 
panels B and D respectively, and the plot comparing the perturbations on binding to 
both peptides is shown in panel E. Residues showing relatively higher perturbations 
represented by open white bars. Lys15 disappears during titration, and is represented 
by a grey bar, which is shown at the same height as the maximum shift change 
observed for Asp52 to indicate that its perturbation should be similar to or higher 
than that of Asp52. Residues 16, 19, 32 and 53 are prolines. Panel F shows the fitted 
chemical shift data for the binding of both peptides. 
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Ser14, Phe17 and Lys20, (Figure 3.3, panel B). ASA calculations indicate that Ile10, 

Ser14, Lys15, and Lys20 are solvent exposed (ASA ~0.8) and so must be involved in 

direct contact interactions with the receptor residues.  On the other hand, residues 

Thr12, Tyr13, His18, and Phe21 are partially buried (ASA ~0.3-0.6) (Figure 3.3). As 

the N-loop is conformationally flexible, these residues can either contact the receptor 

directly or can influence the binding of Ile10, Ser14, Lys15, and Lys20 through 

propagated conformational changes as a result of indirect coupled interactions. These 

data together show that the CXCR2 N-domain engages the entire N-loop through 

direct and indirect packing and electrostatic interactions. 

 An interesting observation was made for Lys15, that it disappears completely 

during titration due to line broadening (Figure 3.1). The peak was not observed even 

at the highest receptor concentration, and this observation was made even with the 

R2-25mer which binds with much lower affinity (Figure A1). Sequence analysis of 

the receptor N-domains show the presence of multiple Asp/Glu residues. Therefore, 

line broadening of Lys15 suggests that it is conformationally dynamic in the bound 

form and that it could be interacting with different negatively charged Asp/Glu 

residues in the receptor N-domain.  

Role of the third β-strand residues: The third β-strand residues that are significantly 

perturbed are Glu48, Leu49, Cys50, and Asp52. Among these residues, Glu48 is the 

only solvent exposed residue, whereas the remaining residues are buried and are 

involved in favorable packing interactions with the N-loop residues. Interestingly, 

Asp52 shows the largest perturbation among all residues though it is largely buried 

(ASA ~0.2). The structure shows that Leu49, Leu51 and Asp52 interact with the N-

loop residues Thr12 and Tyr13 through packing interactions, and so binding induced 

structural changes must be responsible for the observed changes (26) (Figure 3.4, 

panel A). 

Chemical shift perturbation data show that Cys50 compared to Cys9 is 

perturbed to a large extent (Figure 3.1, panel D). The structure of the monomer 

shows that the Cys9-Cys50 disulfide bridge tethers the conformationally flexible N-

loop to the third β-strand (26); therefore, structural perturbations of the N-loop 
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residues can be indirectly transmitted to the third β-strand via coupling interactions 

through the Cys9-Cys50 disulfide bridge.  

 

Role of the C-terminal helix: Significant perturbations are observed for Val58, Gln59, 

Arg60, and Val61 in the C-terminal helix. Among these residues, Arg60 is the only 

residue that is solvent exposed, Gln59 is partially buried, and Val58 and Val61 are 

buried and involved in packing interactions with the β-strand residues (Figure 3.4, 

panel B). We also observe that buried residues Trp57, Val62, Phe65 and Leu66 are 

minimally perturbed (Figure 3.1, panel D), and so the perturbations of Val58, Gln59, 

Arg60 and Val61 cannot be due to direct, but due to indirect coupled interactions as a 

result of propagated conformational changes. 

 

Other regions: Regions that show minimal perturbations are the N-terminus, first and 

second β-strand, 30s and 40s loops and the 50s turn residues (Figure 3.1, panel D). 

Ile39 (second β-strand) and Ser44 (40s loop) are the only residues that show 

significant chemical shift perturbations (Figure 3.1, panel D). Ile39 is packed against 

Val58 in the C-terminal helix, and Leu51 in the third β-strand (Figure 3.4). Asp52, 

which is adjacent to Leu51 is packed against the N-loop residue, Thr12, and so Ile39 

is perturbed due to structural changes propagated from the third β-strand. The 

structure of the IL-8 monomer shows backbone-backbone H-bonding interaction 

between Ser44 and Phe21 in the N-loop (Figure 3.4, panel C). Therefore, Phe21 

could be involved in propagating binding-induced conformational changes to Ser44.  

 

 

 



     

 46 

 

  

B A 

Figure 3.2   Line broadening analysis in the IL-8 monomer on binding to 
CXCR2 N-domain (43-mer). (A) intensity and (B) chemical shift (∆δ) changes 
as a function of mole ratio are shown for residues Leu 49 (●) and for Gly 31 (○). 
 

Figure 3.3    Role of the N-loop residues. 
A molecular plot of the IL-8 monomer showing the N-loop residues involved in 
CXCR2 N-domain binding (panel A). The solvent exposed residues, Ile10, Lys15 
and Lys20 are highlighted in red, and partially buried residues, Thr12, Try13, His18, 
and Phe21 are highlighted in green. A plot of the chemical shift change (top y-axis) 
and the side chain ASA (bottom y-axis) of the IL-8 monomer N-loop residues show 
that they are not necessarily correlated (panel B). Lys15 disappears due to line 
broadening and is represented by a grey bar. The ASA of the IL-8 monomer (PDBid 
1IKM) was calculated using the program VADAR (116). 

 

A B 
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Figure 3.4    CXCR2 N-domain binding induced indirect coupled interactions 
in the IL-8 monomer. Panel A shows packing interactions between N-loop 
residues Thr12 and Tyr13 (blue) and the third β-strand residues Asp52 and Leu49 
(pink). Panel B shows packing interactions between the C-terminal helix residues 
Val58 and Val61 (red), and the β-strand residue, Leu51 (cyan). Panel C shows 
packing interactions between the second β-strand residue Ile39 (black) and the C-
terminal helix residue Val58 (red), and backbone-backbone interactions between 
Ser 44 in the 40s loop (black) and the N-loop residue, Phe21 (red). 
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Design of an obligate MGSA monomer and the trapped MGSA N27C dimer 

 
Previously, it was shown that the designed IL-8(1-66) deletion mutation is an 

obligate monomer at mM concentrations used in NMR studies (38). This mutant was 

designed by deleting the last six C-terminal helix residues that were observed to be 

part of the dimer interface in the structure. The MGSA monomer was designed by 

deleting the last six C-terminal helix residues as the structure showed that these 

residues are most likely involved in dimerization. Indeed, analytical 

ultracentrifugation studies showed that the MGSA (1-67) deletion mutant is a 

monomer at concentrations used for NMR studies (data not shown).  

 

The trapped MGSA N27C dimer was designed in a similar manner as that of 

the trapped IL-8 R26C dimer by substituting a disulfide across the dimer interface at 

the site of 2 fold symmetry (described in chapter 2). This mutation does not perturb 

the dimer interface, as the chemical shifts of most resonances in the 1H-15N HSQC 

spectra of the trapped MGSA N27C dimer were similar to that of the WT MGSA 

dimer (18)  (Figure 3.5).  

 

Characterization of CXCR2 N-domain-MGSA interactions 

 

Conformational heterogeneity of MGSA as a function of pH. NMR titration 

experiments with the IL-8 monomer were carried out at pH 6.0, and so titration 

experiments with the MGSA monomer were initially carried out at pH 6.0. Two 

different chemical shifts for several residues were observed in the 1H-15N HSQC 

spectrum at pH 6.0 indicating the presence of two conformers. However, at pH 5.0 

and 4.5, fewer peaks were observed with majority of the resonances at pH 4.5 

corresponding to a single major conformer (Figures 3.6 and 3.7, also see Figure A2). 

Analytical ultracentrifugation studies show that the MGSA deletion mutant is a 

monomer at all pH values indicating that the pH-induced conformational 

heterogeneity is not due to dimerization. The effect of temperature at pH 4.5 shows 

that higher temperatures (40 vs. 20°C) minimize the heterogeneity (Figure 3.8).  
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The phenomenon of conformational heterogeneity as a function of pH was 

also observed for the WT MGSA dimer. However, the pH had an opposite effect as 

decreasing the pH increased the relative population of the minor conformer. However, 

increasing the temperature decreases the heterogeneity (Figure A3). Previous NMR 

studies did not report any heterogeneity, and the reason for the differences between 

our MGSA and those published in literature is not clear (18, 20). Molecular weight 

determination by mass spectrometry and DNA sequence analysis did not detect any 

problems, and our preparations show the same high level of receptor activity as 

published in literature. It is possible that the differences could be a reflection of how 

the proteins are purified. Several groups have made similar observations with other 

chemokines, where differences in dimerization affinities and mode of dimerization 

have been reported for the same chemokine (21, 39, 120, 121).  

 

 

Figure 3.5   1H-15N HSQC 800 MHz NMR spectrum of the trapped N27C 
MGSA dimer at pH 6 and 30°C. Residues that could be unambiguously assigned 
are labeled. 
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Figure 3.6     pH induced conformational heterogeneity of MGSA monomer. 
Sections of 1H-15N HSQC spectra at 30°C showing the major and minor 
conformers of Val40 and Gly32 at pH 6.0 (black), 5.5 (green), and 4.5 (red). The 
arrow indicates the direction of movement of the major conformer of Gly32. 

 

V40 

 

G32 

Figure 3.7   Effect of pH on conformational heterogeneity of MGSA 
monomer.  Population of the major (●) and the minor conformers (○) are shown 
for residues Val40 and Gly32 as function of pH at 30°C.  
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Binding of the MGSA monomer to CXCR2 N-domain  
 

Binding studies with the MGSA monomer were carried out at pH 5.0 and not 

at pH 4.5 due to the insolubility of the R2-43mer at pH 4.5. Chemical shift 

assignments were carried out at pH 4.5 and the assignments were transferred to the 
1H-15N HSQC titration spectra at pH 5.0 (Figure 3.9) (Table A1).  

Titration of the R2-43mer into 15N labeled MGSA monomer results in significant 

chemical shift changes (∆δ > 0.1 ppm) for the N-loop, second β-strand, 40s turn, and 

third β-strand, and the C-terminal helical residues  (Figure 3.10). Line broadening 

analysis did not provide any useful information as even peaks that show minimal 

chemical shift changes broaden out during titration. Therefore, only chemical shift 

perturbation was used for analysis.  

 

 

V40 G32 

Figure 3.8   Effect of temperature on the conformational heterogeneity of 
MGSA monomer. Populations of the major (●) and the minor conformers (○) of 
residues Val40 and Gly32 as a function of temperature, and at pH 4.5 are shown. 
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Figure 3.9   1H-15N HSQC 600 MHz NMR spectrum of the MGSA monomer at 
pH 4.5 and 30°C.  

 

Figure 3.10   CXCR2 N-domain binding induced chemical shift changes in 
the MGSA monomer. A histogram showing the binding-induced chemical 
changes (∆δ, ppm) of the major conformer residues. Residues showing 
significant perturbations are represented as open white bars. Chemical shift 
change for Gly17 and Lys21 are represented as grey bars, as the peaks 
corresponding to these residues disappear during titration due to line broadening. 
The grey bars are shown at the same height as that of Ile18, which shows the 
maximal chemical shift change. Chemical shift change for Gln10 is not available 
as its peak is line broadened in the free form and is represented by a red asterisk, 
and residues 20, 31, 33, 54 and 57 are prolines. 
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Role of the N-loop residues: Large chemical shift perturbations were observed for N-

loop residues, Thr14, Leu15, Gln16, Gly17, Ile18, and Lys21, and to a lesser extent 

for residues Leu12, Gln13, His19, Lys21 and Asn22. Furthermore, peaks 

corresponding to Gly17 and Lys21 completely disappear in the bound form 

suggesting that these are conformationally dynamic in the bound form. The structure 

of MGSA shows that these residues span the entire length of the N-loop (Figure 

3.11). Among these residues, Leu12, Gln13, Gln16, His19, and Lys21 are solvent 

exposed (ASA ~0.6-0.8), Leu15, Ile18 and Asn22 are partially buried (ASA ~0.4-

0.5), and Gly17 is completely buried (Figure 3.11). Unlike IL-8, the available 

mutagenesis data on MGSA is not as extensive. In fact, the only mutagenesis data 

available are for residues Leu12, His19, and Lys21. Ala mutants of these residues 

bind with ~10-fold reduced affinity to CXCR2 (74, 79). However, loss of CXCR2 

receptor activities for Leu12 and His19 Ala mutants are much higher indicating that 

binding affinities are not correlated with their activities. Even though His19 is 

perturbed to a lesser extent compared to the other N-loop residues, clearly it plays an 

important role in CXCR2 binding and function.  

Large chemical shift perturbation of residues Thr14, Leu15, Gln16, Gly17, 

Ile18, and Lys21 indicate that these residues are important for CXCR2 N-domain 

binding. The structure shows that Leu15 and Gly17 are packed against the protein 

core, and the side chains of Ile18 and Asn22 are partially buried and are in close 

proximity to each other (Figure 3.11). As the N-loop is conformationally dynamic, it 

is possible that the side chains of Leu15, Gly17 and Ile18 become exposed and 

engage in binding or these residues can indirectly influence the binding of the solvent 

exposed residues. A more conclusive picture on the role of these residues on CXCR2 

binding can be obtained by studying the effect of mutating these N-loop residues on 

receptor binding affinity and function.  

Role of the second β-strand residues: The second β-strand residues that are 

significantly perturbed are Val40, Thr43, and Leu44 (Figure 3.10). These residues are 

completely buried and are involved in packing interactions, and so cannot be involved 

in direct binding. Packing interactions are also observed between Val40 and Leu52 in 

the third β-strand, and Leu52 is packed against Leu15 in the N-loop. Also, Leu44 is 
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packed against Asn22 in the N-loop (Figure 3.12). Therefore, perturbation of the 

second β-strand residues are due to binding induced structural changes propagated 

through packing interactions. 

Role of the 40s turn residues: The 40s turn residues that show significant 

perturbations are Lys45 and Asn46 (Figure 3.10). These residues are partially buried 

in the structure (ASA ~0.5). The side chain of Lys45 interacts with the backbone of 

Lys21, and Asn46 is adjacent to Lys45.  Therefore, these residues are perturbed as a 

result of indirect coupled interactions propagated from Lys21 (Figure 3.12).  

 

 

Figure 3.11    Role of the N-loop residues in the MGSA monomer. A molecular 
plot of a single subunit of MGSA (PDB ID: 1MGS (18)) showing the N-loop 
residues involved in CXCR2 N-domain binding (panel A). Solvent exposed 
residues Leu12, Gln13, Gln16, His19 and Lys21 are highlighted in red, and partially 
buried residues Leu15, Ile18 and Asn22 are highlighted in green. A plot comparing 
the chemical shift change (top y-axis) and the side chain ASA (bottom y-axis) show 
that they are not necessarily correlated (panel B). Chemical shift changes of Gly17 
and Lys21 are not available due to line broadening and are represented by a grey 
bar. The grey bar is shown at the same height as that of Ile18, which shows the 
maximum chemical shift change.  

A B 
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Role of the Third β-strand residues: The third β-strand residues that show significant 

perturbations are Arg48, Lys49, Ala50, Leu52, and Asn53, whereas Cys51 shows 

minimal perturbation (Figure 3.10). Among these residues, only Arg48, and Lys49 

are solvent exposed (ASA ~0.7), while the others are largely buried and involved in 

packing interactions against the N-loop residues. For instance, Ala50 is packed 

against Leu15, Leu52 is packed against Ile18, and Asn53 is packed against Thr14, 

and so binding induced structural changes from the N-loop can be propagated to these 

residues (Figure 3.11).  

    Previous studies have shown that mutating Lys49 to Ala results in reduced 

receptor binding and function, whereas mutating Arg48 to Ala results in minimal loss 

of receptor binding and function (79). Since the CXCR2 N-domain has several 

Asp/Glu residues, it was concluded that Lys49 might be part of the CXCR2 binding 

site (7). In the case of Arg48, perturbation could be due to indirect interactions and/or 

that it plays only a minor role in direct receptor binding. 

 

Role of the C-terminal helix residues: We observe significant perturbations for only 

two C-terminal helical residues, Ile62 and Ile63 (Figure 3.10). Ile62 is packed against 

Gly17, and Ile63 is packed against Val40, and so the perturbations of these residues 

must be due to indirect coupled interactions (Figure 3.12). 

Role of the N-terminal residues: Binding induced perturbations are evident in the N-

terminal residues, Glu6, Leu7, and Arg8 (Figure 3.10).  These residues are involved 

in site-II binding. The observation that site-I binding of MGSA results in 

perturbations in the N-terminus suggests that binding induced indirect coupled 

interactions are propagated to site-II. These structural changes could orient the ‘ELR’ 

residues for optimal interaction at site-II mediating coupling between the two sites.  
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A 
B 
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Figure 3.12   CXCR2 N-domain binding induced indirect coupled 
interactions in the MGSA monomer. Molecular plots of a single subunit of 
MGSA showing packing interactions in the second β-strand, 40s turn, third β-
strand and the C-terminal helix (Panels A-D). The spheres are shown to highlight 
the packing interactions.  
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CXCR2 site-I binding affinities of IL-8 and MGSA 

On the basis of structure-function data of IL-8 and MGSA, the current 

proposed model for the two-site interaction for a ligand-receptor pair takes into 

account that binding interactions are not simply additive, but coupled (13, 91). 

According to this model, the binding affinity is described by the following equation: 

∆Gbinding = ∆Gsite-I + ∆Gsite-II + ∆Gcoupling                            (3.1) 

where, ∆Gbinding is the free energy associated with the overall receptor interaction, 

∆Gsite-I and ∆Gsite-II  are the free energy changes required for site-I and site-II 

interactions, and ∆Gcoupling is the coupling free energy change between the two sites. 

∆Gcoupling could be positive or negative; in the former situation, the binding at site-I 

increases the free energy required for binding at site-II, and in the latter case, the 

binding at site-I decreases the free energy required for binding at site-II. To calculate 

∆Gcoupling, it is essential to measure the free energy changes of the individual 

interactions in the context of the intact receptor. Elimination of site-I for measuring 

∆Gsite-II is not possible because site-I interaction involves multiple N-loop residues. 

Deleting the ‘ELR’ residues does not result in a binding affinity that is measurable, 

and N-terminal ‘ELR’ mutants bind with low affinity (18, 56, 68, 79). In principle, 

site-II interaction should be measured using a peptide containing the ‘ELR’ residues, 

but such studies could not detect any binding suggesting that the interaction is weak 

and should be ~100 µM or lower (65). Therefore measuring either  ∆Gsite-I or ∆Gsite-II 

is not straightforward. At this time, it is not known whether there are any differences 

in the site-II binding affinities of the IL-8 and MGSA ‘ELR’ residues. However, since 

these residues are conserved, it can be assumed that ∆Gsite-II is similar. I have now 

measured ∆Gsite-I by studying the interaction of IL-8 and MGSA monomers and 

dimers to the isolated CXCR2 N-domain. ∆Gbinding  is known from previous studies, 

and assuming that ∆Gsite-II is similar for the binding of both ligands, we have 

calculated ∆Gcoupling 

 

 using eq 3.1.  
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CXCR2 N-domain binding affinities of the IL-8 monomer and dimer 

CXCR2 N-domain binding affinities of the IL-8 monomer and dimer are 

similar, and so ∆Gsite-I is similar (Table 3.1) (Figure 3.13, panel A). However, intact 

receptor binding affinities are lower for the IL-8 dimer compared to the monomer (41, 

45). Therefore, similar ∆Gsite-Ivalues do not explain why the IL-8 monomer binds 

with higher affinity. The calculated ∆Gcoupling for different site-II binding affinities 

show that the coupling is positive if site-II binding affinity (Kd site-II) is 100 µM or 

lower. Negative coupling can occur if Kd site-II is between 0.1 to 1 µM. Since Kd, site-II 

should be 100 µM or lower, the coupling is most likely positive for the binding of the 

IL-8 monomer and the dimer, and the ∆Gcoupling is always higher for the monomer 

compared to the dimer.   

CXCR2 N-domain binding affinities of the IL-8 monomer and MGSA monomer 

IL-8 and MGSA monomers bind with similar nM affinities to the intact 

CXCR2 receptor (41, 76). However, the MGSA monomer binds the CXCR2 N-

domain with ~6 fold higher affinity than the IL-8 monomer (Figure 3.13, panel B). 

For similar ∆Gsite-II values, ∆Gcoupling is higher for the IL-8 monomer compared to the 

MGSA monomer (Table 3.2). Though the CXCR2 binding affinities of IL-8 and 

MGSA monomers are similar,  differences in the coupling free energies are observed. 

Similar to what is observed for the IL-8 monomer, the calculated ∆Gcoupling values for 

MGSA monomer also indicate that negative coupling can occur if Kd site-II is 1 µM or 

higher, whereas positive coupling occurs if Kd site-II 

CXCR2 N-domain binding studies with the MGSA dimer showed that the 

trapped MGSA dimer binds with ~5 fold lower affinity than the MGSA monomer 

(Figure 3.13). MGSA dimer is observed to bind the intact CXCR2 receptor with ~5 

fold lower affinity compared to the MGSA monomer and WT indicating that the 

differences in the binding affinity is essenitally due to the differences in site-I binding 

is 100 µM or lower. At this time, it 

is not clear how the differences in coupling free energies are related to the receptor 

activity of the IL-8 and MGSA monomer.  

CXCR2 N-domain binding affinities of the MGSA dimer and MGSA monomer 
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affinity. Therefore, the coupling is essentially the same for both the MGSA monomer 

and dimer for CXCR2 binding interactions. 

 

 

 

 

 

 

Figure 3.13   CXCR2 N-domain binding affinities of IL-8 and MGSA. 
Comparison of the CXCR2 N-domain binding profiles of IL-8 monomer and 
dimer (panel A) and the IL-8 monomer and MGSA monomer (panel B), and the 
MGSA monomer and MGSA dimer (panel C) are shown. The binding profiles 
represent residues, Ser44 (panel A), Phe17 for the IL-8 monomer, and Ile18 for 
the MGSA monomer and dimer (panels B and C). The binding affinities of the 
IL-8 monomer, the IL-8 dimer, MGSA monomer and MGSA dimer obtained from 
fitting the chemical shift changes are 133 ± 14 µM, 187 ± 50 µM, 21± 3 µM and 
86 ± 18 µM respectively. 

 

A B 

C 
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Table 3.1  Calculation of ∆Gcoupling for CXCR2 binding of IL-8 monomer and dimer. 

 

Variant 
Kd site-I  
(µM) 

∆Gsite-I     

(kcal mol-1) 
Kd site-II  
(µM) 

∆Gsite-II                   

(kcal mol-1) 
Kd binding    

(nM) 
∆Gbinding        

(kcal mol-1) 
∆Gcoupling  

(kcal mol-1) 
IL-8 
Monomer 133  -5.4 0.1 -9.7 0.5 -12.9 2.2 
  133 -5.4 1 -8.3 0.5 -12.9 0.8 
  133  -5.4 10 -6.9 0.5 -12.9 -0.6 
  133 -5.4 100 -5.5 0.5 -12.9 -2.0 
  133 -5.4 1000 -4.2 0.5 -12.9 -3.3 
         
IL-8 
Dimer 187  -5.2 0.1 -9.7 9 -11.2 3.7 
  187  -5.2 1 -8.3 9 -11.2 2.3 
  187  -5.2 10 -6.9 9 -11.2 0.9 
  187  -5.2 100 -5.5 9 -11.2 -0.5 
  187 -5.2 1000 -4.2 9 -11.2 -1.8 

 

Table 3.2  Calculation of ∆Gcoupling for CXCR2 binding of IL-8 monomer and MGSA monomer. 

 

Variant 

Kd site-

I  
(µM) 

∆Gsite-I   

(kcal mol-1) 
Kd site-II  
(µM) 

∆Gsite-I  

(kcal mol-1) 
Kd binding    

(nM) 
∆Gbinding         

(kcal mol-1) 
∆Gcoupling  

(kcal mol-1) 
IL-8 Monomer 133 -5.4 0.1 -9.7 0.5 -12.9 2.2 
  133  -5.4 1 -8.3 0.5 -12.9 0.8 
  133  -5.4 10 -6.9 0.5 -12.9 -0.6 
  133  -5.4 100 -5.5 0.5 -12.9 -2.0 
  133 -5.4 1000 -4.2 0.5 -12.9 -3.3 
         
MGSA Monomer 21  -6.5 0.1 -9.7 0.5 -12.9 3.3 
  21  -6.5 1 -8.3 0.5 -12.9 1.9 
  21  -6.5 10 -6.9 0.5 -12.9 0.5 
  21  -6.5 100 -5.5 0.5 -12.9 -0.9 
  21  -6.5 1000 -4.2 0.5 -12.9 -2.2 
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CONCLUSIONS 

Ligand binding affinity is the first step for the regulation of receptor function, 

but affinity is also closely linked to selectivity. It is now well established that the two-

site interaction of chemokines is important for modulating binding affinity and 

selectivity of chemokine receptors. However, it does not provide a comprehensive 

description of how ligand binding at site-I modulates overall receptor binding affinity. 

To our knowledge, this is the first study using the isolated CXCR2 N-domain for 

gaining insights into how site-I binding influences overall CXCR2 affinity. The 

differences in the CXCR2 N-domain affinities of the designed IL-8 and MGSA 

monomers and trapped IL-8 and MGSA dimers indicate that site-I interaction plays 

differential roles. I propose that site-I interaction plays an important role in imparting 

binding affinity, however the differential coupling between site-I and site-II 

determines overall CXCR2 binding affinity. Future structural studies of IL-8 and 

MGSA complexed with the CXCR2 N-domain should provide further insights into 

how the individual receptor N-domain residues mediate ligand binding affinity and 

selectivity. 

Table 3.3  Calculation of ∆Gcoupling for CXCR2 binding of MGSA monomer and MGSA 

dimer. 

 

Variant 
Kd site-I  
(µM) 

∆Gsite-I      

(kcal mol-1) 
Kd site-II  
(µM) 

∆Gsite-II                   

(kcal mol-1) 
Kd binding    

(nM) 
∆Gbinding         

(kcal mol-1) 
∆Gcoupling  

(kcal mol-1) 
MGSA 
Monomer 21 -6.5 0.1 -9.7 0.5 -12.9 3.3 
  21  -6.5 1 -8.3 0.5 -12.9 1.9 
  21  -6.5 10 -6.9 0.5 -12.9 0.5 
  21 -6.5 100 -5.5 0.5 -12.9 -0.9 
  21 -6.5 1000 -4.2 0.5 -12.9 -2.2 
         
MGSA  
dimer 100  -5.5 0.1 -9.7 2.4 -11.9 3.3 
  100 -5.5 1 -8.3 2.4 -11.9 1.9 
  100 -5.5 10 -6.9 2.4 -11.9 0.5 
  100 -5.5 100 -5.5 2.4 -11.9 -0.9 
  100 -5.5 1000 -4.2 2.4 -11.9 -2.2 
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CHAPTER IV 

NOVEL COUPLED INTERACTIONS MEDIATE IL-8-RECEPTOR 

BINDING: A CRITICAL ROLE FOR A SOLVENT EXPOSED 

HYDROPHOBE 

 

INTRODUCTION 

Interleukin-8 (IL-8), one of the best-studied members of the chemokine 

subfamily, exerts its function by binding and activating receptors that belong to the G-

protein coupled receptor (GPCR) class. Sequence and structure analysis reveal that 

the N-loop contains a highly conserved solvent exposed hydrophobe, which is 

unusual as large non-polar residues are usually buried and involved in packing 

interactions. Furthermore, this residue is adjacent to the CXC/CC motif and the 

cysteines in this motif form disulfide bridges that tether the N-loop and the N-

terminus regions involved in receptor binding to the protein core. This residue 

corresponds to Ile10 in IL-8, and most likely plays a key role in receptor binding and 

function by interacting directly with the receptor N-domain (site-I).  

Mutagenesis studies have shown that compared to WT1 IL-8, I10A mutant 

binds with ~30 fold lower affinity to neutrophil receptors, and is ~20 fold less active 

in elastase and calcium release assays (66, 49). These data indicate that binding 

affinity and functional activity which could be separable functions, are nevertheless 

correlated and that Ile10 is important for high affinity agonist binding and function 

(87). Consistent with previous receptor binding studies, we also observed that I10A*1 

binds the intact CXCR1 receptor with ~24 fold reduced affinity compared to WT*1. 

So in this study, Ile10 was conservatively mutated to Ala, and the effect of the 

mutation on receptor binding of IL-8 at site-I was studied. 

 
1WT denotes IL-8 (1-72); WT* and I10A* denote 1-66 versions of the protein.  The 

(1-66) deletion IL-8 mutant binds and has the same activity as the WT IL-8. 
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Interestingly, I10A* mutant binds the CXCR1 receptor N-domain essentially 

with the same affinity as WT*, and NMR data show that Ala10 is conformationally 

flexible in the free form and becomes more structured in the bound form.  These are 

quite unexpected results as one would have expected the reduced binding of I10A to 

the intact receptor is due to reduced binding to the receptor N-domain. These results 

indicate a novel paradigm by which a solvent exposed hydrophobe plays a key role 

not as much as participating in direct binding interactions, but indirectly by 

infleuncing binding at a remote site via coupling interactions for optimal binding 

affinity and function.  

 

EXPERIMENTAL PROCEDURES 

 

Cloning, expression and purification of 15N-labeled IL-8(1-66) I10A mutant 

The I10A mutant was generated by mutating Ile10 to Ala on the WT* plasmid 

that was cloned in the pet32Xa vector at the LIC site. PCR amplification was carried 

out using the upstream primer and the downstream primers as follows respectively. 

5’-GAACTTAGATGTCAGTGCGCAAAGACATACTCCAAACCTTTC-3’  

5’-GAAAGGTTTGGAGTATGTCTTTGCGCACTGACATCTAAGTTC-3’  

Mutagenesis was performed using QuickChange Site-Directed Mutagenesis 

kit (Stratagene Inc., La Jolla, CA, USA). Protein expression and purification of 

recombinant 15N-labeled I10A was carried out as described for WT* in chapter 2. 

Purity and molecular weight of I10A* was confirmed using analytical HPLC and 

MALDI MS. The CXCR1 N-domain (24-mer) was synthesized using solid phase 

peptide synthesis and is the same as that used for the titration experiments described 

in Chapter 2.  

 

NMR spectroscopy 

Titration of unlabeled CXCR1 N-domain 24-mer into 15N-labeled I10A* was 

carried out similar to that of WT* as described in Chapter 2.  The titration was carried 
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out until essentially no further changes in chemical shifts were observed. The final 

peptide to protein mole ratio for the I10A mutant was 4.2. Two-dimensional 1H-15N 

HSQC spectra were acquired with 2048 complex points for direct 1H and 128 

complex points for indirect 15N dimension. All spectra were recorded using Varian 

INOVA 800-MHz spectrometers equipped with field gradient accessories. The 

spectra were processed using NMRPipe (99) and analyzed using NMRView (100).  

Binding constants (Kd) were calculated as described in Chapter 2.  

NMR line shape analysis 

To determine the kinetics of binding of I10A* and the WT* to CXCR1 N-

domain, line shapes of the backbone amide resonances that were well resolved in the 
1H-15N HSQC titration spectra were analyzed. Residues that showed significant 

chemical shift differences between the free and the bound forms were selected and the 

line widths (LW) were calculated from Lorentzian line shape fitting of the cross peaks 

in the 1H acquisition dimension of the 1H-15N HSQC titration spectra. The line shape 

fitting was performed using an in house fitting program, giving the apparent 

transverse relaxation rates, R2app, which is related to the LW in Hz by the equation, 

        (4.1) 

The two-state exchange process can be described by the McConnell equations, 

giving Rex (105, 122). Therefore, R2app for a two state chemical exchange process 

occurring in the moderately fast time scales is described by the following equation, 

     (4.2) 

 

where, Rex is given by the following equation, 

                    (4.3) 

where, pf and pb are the populations of the free and the bound forms, respectively. 

Since the binding constant is known, pf and pb are determined from the concentrations 

of the bound protein for each titration point. R2f and R2b are the relaxation rates in the 
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free and the bound forms in s-1, Δw is the chemical shift difference between the free 

and bound forms in Hz, and koff is the off constant in s-1. koff was determined from eq. 

4.2 by nonlinear least square fitting of the R2app values with the fitted parameters 

being, koff, R2f and R2b. 

Surface Plasmon Resonance studies 

Binding studies of WT* and I10A* were carried out at the Center for 

Biomolecular Interaction Analysis core facility at University of Utah. A CXCR1 N-

domain (25-mer) peptide with a free cysteine at the C-terminus was first synthesized 

using solid phase peptide synthesis. The 25-mer was coupled at a density of 2000 RU 

to a CM5 Biacore sensor chip using standard sulfo-maleimidobenzoyl-N-

hydroxysulfosuccinimide ester (sulfo-MBS) thiol coupling. The proteins were 

dissolved at 1mg/ml concentration in phosphate buffer saline (PBS) pH 8, and binding 

studies were carried out at starting protein concentrations of 8 and 11 µM, 

respectively in a two-fold dilution series at 25°C. The response (RU) was measured as 

a function of time (s) at 9 concentrations, and the experiments were performed in 

triplicates. The data were fitted to a 1:1 interaction model to determine the binding 

constant (Kd), off rate constant (koff) and on rate constant (kon). 

Isothermal Calorimetry studies 

ITC experiments were performed using a Microcal VP-ITC system at 25°C as 

described previously (123). The proteins and the CXCR1 N-domain 24-mer peptide 

were extensively dialyzed against 50 mM HEPES, 50 mM NaCl, pH 8, centrifuged, 

filtered and degassed. Protein concentrations were measured using amino acid 

analysis and ranged from 0.1 to 0.85 mM for WT*, and 0.006 to 0.07 mM for the 

CXCR1 N-domain 24-mer. Protein and peptide concentrations for the binding I10A* 

were 0.13 and 0.006 mM respectively. The 1.42 ml sample cell and the syringe were 

first washed with soap solution, rinsed with water and then with the dialysis buffer. 

The CXCR1 N-domain 24-mer and the ligand were loaded into the sample cell and 

the syringe, respectively. For WT*, a total of 35 injections were performed with the 

first five injections being 3 µl each and the remaining 25 injections being 9 µl each 

with 6 min equilibration time between injections. For I10A*, a total of 32 injections 
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were performed with the first three injections being 1 µl and the remaining 29 

injections being 6 µl each with 6 min equilibration time between injections. The data 

were fitted to a single-site model using nonlinear least square fitting in Microcal 

Origin for ITC version 5.0 by varying the stoichiometry (n), association constant (Ka), 

and the binding enthalpy (ΔH). 

 

RESULTS AND DISCUSSION 

 Studies described in Chapter 2 showed that the binding of WT* to CXCR1 N-

domain induces significant chemical shift perturbation and line broadening of N-loop 

residues, Ile10, Lys15 and Lys20. These residues are solvent exposed, non-sequential 

and span the entire N-loop, and therefore proposed to play a critical role in the initial 

docking of the ligand to the N-domain (Figure 4.1). In this study, the role of the steric 

bulk of Ile10 was studied by mutating it to Ala. 

 

Effect of the Ile10 to Ala mutation on the secondary and tertiary structure 

 Differences in backbone chemical shift amide protons can serve as sensitive 

probes to monitor structural and dynamic changes in proteins (124-127). Amide 

proton shift differences between WT* and I10A* were similar except for residues at 

and around the site of substitution (Figure 4.2). The largest amide protein shift 

difference of ~0.2 ppm is observed for Ala10. If the random coil shift differences 

between Ile and Ala are taken into consideration, then the difference for the Ile to Ala 

decreases from 0.2 ppm to 0.05 ppm. This difference is small and can be directly 

attributed to the substitution. These results are also consistent with the results from 

previous NMR studies of the I10A mutant designed on the WT IL-8 template, which 

showed that the IleAla substitution does not perturb the overall tertiary structure 

(128).  
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Figure 4.1  Ile10 is the only solvent exposed hydrophobe in the N-loop. 
A molecular plot of IL-8 highlighting the solvent exposed N-loop residues, 
Ile10, Lys15 and Lys20 (shown in red). The plot was rendered using the 
program PyMOL (96). 

Figure 4.2.  Mutation of Ile10 to Ala does not perturb the structure.  
Panel A. A plot showing the differences in backbone amide shifts (○) between 
WT* and I10A*. Panel B. A molecular plot of the IL-8 monomer highlighting 
residues showing the largest backbone amide shift differences, Δδ >0.05 ppm 
(shown in red). 
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Binding induced total chemical shift changes of I10A* 

CXCR1 N-domain binding to the WT* and I10A* induces very large chemical 

shift changes (Figures 4.3 and 4.4). Magnitude of the changes were similar between 

WT* and I10A* except for Ile10, which showed higher chemical shift perturbation in 

WT* compared to I10A* (Figure 4.4). These data together indicate that both I10A* 

and WT* bind in a similar fashion, and involve the same set of residues for CXCR1 

N-domain binding.  

 

 

 

 

 

 

 

 

 

 

 

A   B 

Figure 4.3   CXCR1 N-domain binding induced chemical shift changes in WT* 
and I10A*. Sections of 1H-15N HSQC titration spectra showing the chemical shift 
perturbations in WT* (panel A) and I10A* (panel B). Arrows indicate the direction 
of peak movement and for residues, Ile10, Tyr13 and Leu49 showing large chemical 
shift changes in the WT*, the final bound peaks are labeled in red. Chemical shift 
changes of Ile10/Ala10 are highlighted in yellow. Peak position for Ile10 in the bound 
form of WT* is not detected at the contour level shown and therefore is denoted by a 
red asterisk. Tyr13 in I10A* is labeled in blue due to peak disappearance during 
titration. Peaks are color coded for peptide:protein mole ratios of 0 (black), 1.2 (green) 
and 3.4 (red) in the WT* spectra and 0 (black), 0.1 (green), 0.3 (blue) and 4.2 (red) in 
the I10A* spectra, respectively. 
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Binding affinity of I10A* to CXCR1 N-domain 

Calculation of binding constants from binding-induced chemical shift changes 

indicate that I10A binds the CXCR1 N-domain with ~2 fold higher affinity compared 

to WT* (Figure 4.5). However, NMR cannot reliably calculate Kds in this range, and 

so any perceived differences have to be interpreted with caution. ITC experiments 

showed that I10A* binds with slightly higher affinity (< 2 fold) (Figure 4.7, Table 

4.2), and  SPR studies show I10A* binds with slightly lower affinity (< 2 fold) than 

the WT* (Figure 4.6, Table 4.1). 

A summary of the binding constants from different experimental techniques 

shows differences in the absolute values of the binding constants (Table 4.3). Based 

on these observations, considering the intrinsic differences among different 

Figure 4.4   CXCR1 N-domain binding induced chemical shift changes 
between I10A* and WT*. A histogram showing the total chemical shift 
changes as a function of residue number for I10A* (black bars) and WT* (open 
white bars). Lys15 and His18 disappears completely during titration in both 
WT* and I10A* and are denoted by red asterisks. Perturbations for Tyr13, 
Cys50 and Val58 could not be detected in I10A* due to line broadening during 
titration, and so are represented by grey bars which are shown at the same 
height as the perturbation observed for the corresponding residues in WT*. 

 



       

  70 

techniques, we conservatively conclude that I10A* binds essentially with the same 

affinity as WT*. Therefore, the 20-40 fold difference in its binding affinity to the 

intact receptor cannot be explained on the basis of the differences in binding to the N-

domain alone. These results are quite remarkable as one would have expected 

mutating an N-loop residue would result in reduced binding affinity to site-I. For both 

proteins, binding affinities for site-II should be the same, and so the differences in the 

binding affinities to the intact receptor implies that the binding of Ile10 is positively 

coupled to site-II for receptor binding and function. 
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Figure 4.5.  Binding affinities of WT* and I10A* to CXCR1 N-domain 
determined by NMR. Binding induced chemical shift changes (Δδ, ppm) as a 
function of mole ratio are shown for Val41 and Trp57 in WT* (○) and I10A* (●).  
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Figure 4.6   Determination of CXCR1 N-domain binding affinities of WT* 
and I10A* by SPR.  Panel A shows the response data (RU) at a single 
concentration as a function of time for the binding of WT* (black line) and 
I10A* (blue line).  Panels B and C show the response data at 9 different 
concentrations as a function of time (s) for WT* and I10A* respectively. The 
data collected in triplicates highly overlap indicating the reproducibility of the 
experiments.  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Figure 4.7  ITC binding studies of WT* and I10A* to CXCR1 N-domain. 
Representative ITC profiles for the binding of WT* and I10A* at 25°C are shown. 
The upper panels represent the ITC thermograms, and the lower panels represent 
the fitted binding isotherms.  

WT* I10A* 
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IL-8 variant    n     Kd (µM) ΔG (kcal mol-1)   ΔH (kcal mol-1)   TΔS (kcal mol-1) 

WT*               1.2      

€ 

3.5 ± 0.2    -7.4 ± 0.1         -10.3 ± 0.1          -2.9 ± 0.1 

    1.1       4.6 ± 0.2      -7.2 ± 0.1           -8.3 ± 0.1                  -1.1 ± 0.1 

    1.1       1.5 ± 0.2   -7.9 ± 0.1           -8.1 ± 0.3     -0.2± 0.1 

    1.0       1.9± 0.2   -7.8 ± 0.1     -9.4 ± 0.5    -1.6 ± 0.1 

I10A*               1.0       2.4 ± 0.2      -7.7± 0.1           -8.9 ± 0.4                   -1.2 ± 0.1 

  1.0       2.1 ± 0.1      -7.7± 0.1           -8.8 ± 0.4                   -1.0 ± 0.1 

IL-8 variant       Binding constants, Kd (µM) 

NMR        SPR       ITC 

WT*              9.5 ± 2           1.4 ± 0.1 2.8 ± 1.4 

I10A*   3.1 ± 1           2.4 ± 0.1 2.3 ± 0.5 

    

Table 4.3 Summary of the binding affinities of I10A* and WT* to CXCR1 N-domain.  

 

Table 4.2 ITC results for CXCR1 N-domain binding of WT* and I10A*.  

 

IL-8 variant        kon  (mol-1s-1)      koff (s-1)                 Kd (µM) 

WT*            

€ 

3.7 ± 0.1            0.5 ± 0.1           1.4 ± 0.1 

I10A*            

€ 

3.3± 0.1                0.8 ± 0.1           2.4 ± 0.1 

Table 4.1 SPR binding results for CXCR1 N-domain binding of WT* and I10A*. 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Binding-induced line broadening in I10A*  

The exchange regimes for the binding of WT* and I10A* to CXCR1 N-

domain is moderately fast on NMR times scales (Figure 4.3). Studies described in 

Chapter 2 showed that binding induced line broadening changes can serve as probes 

to monitor  structural/dynamic changes. Therefore, the line broadening changes in the 

WT* and I10A* were compared by monitoring relative intensity changes of the peaks 

as a function of mole ratio as defined by the following equation: 

  Relative Intensity = Intensitybound/Intensityunbound    (4.4) 

Steeper line broadening profiles were observed for some residues in I10A* compared 

to WT* suggesting that the off rate constant (koff) for the binding is lower for I10A* 

(Figure 4.8). In particular, the largest relative intensity change was observed for 

Ala10 compared to other residues such Lys20 and Leu51 in the mutant suggesting 

that Ala10 becomes more structured in the mutant compared to WT*. Future 

experiments on the dynamics in the free and the bound form should provide a more 

conclusive picture on the binding induced dynamic changes in WT* and I10A*. 

Kinetic basis of interaction of WT*and I10A* with CXCR1 N-domain 

Dissociation constants (Kd) provide information on the relative affinities of 

CXCR1 N-domain interaction of WT* and I10A*, whereas kinetic constants (kon and 

koff) provide information on the association and dissociation kinetics. The dissociation 

constant is defined as by the following equation: 

Kd = koff/ kon     (4.5) 

For most ligand-receptor interactions, kon is diffusion limited, and is ~106-108 M-1s-1 

(129). NMR is very powerful for obtaining both microscopic Kd and koff values for the 

binding of the individual residues.  The microscopic koff values can be obtained from 

NMR line shape analysis when the exchange regimes are moderately fast on NMR 

time scales (103). From eq 4.2, it is evident that exchange line broadening due to 

chemical shift differences between the free and the bound form, Δω and also koff can 

affect the transverse relaxation rate, R2app.  
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For ligand binding in the moderately fast time scale, increased line broadening 

is due to increase in R2app values. At the same pb values, the extent of line broadening 

was higher in I10A* implying koff must be lower for I10A* compared to the WT*. 

The koff values obtained from the line shape analysis of the individual residues in 

WT* is ~1000 to 2000 s-1 (Figure 4.9). Therefore, for the binding of WT*, the 

calculated kon is 108 M-1s-1 as the Kd and koff are 10 µM and 1000 s-1. As shown from our 

NMR studies, I10A* binds with Kd ~3 µM, then the calculated koff is ~300 s-1 if kon is 

unaltered (~108 M-1s-1).  For a koff of ~300 s-1, binding induced line broadening should 

be higher than what is observed (Figure 4.10). koff values determined from line width 

measurements at each titration point for three residues indicate that they are similar 

for I10A* and WT* within experimental error (koff ~1000 s-1) suggesting that the 

differences in the binding affinities between WT* and I10A* is most likely due to 

differences in kon (Figures 4.9 and 4.10). Due to poor s/n ratio, koff values for most 

residues in I10A* could not be determined in a reliable manner. On the other hand, 

we cannot rule out the possibility that the Kd of WT* is not 3 fold, but 2 fold lower 

than I10A*, and that both kon and koff are essentially the same between the two 

variants. If different, it is difficult to quantitate it due to the small differences in the 

binding between the two variants. 

A comparison of the absolute koff values obtained from NMR studies and SPR 

studies shows that the dissociation rates from NMR studies are ~1000-2000 fold 

faster than that obtained from SPR studies (Table 4.1 and Figure 4.9). SPR studies 

showed that the I10A* mutant dissociates from the complex 2 fold faster than the 

WT* (Table 4.1). Also the SPR studies were performed with the CXCR1 N-domain 

peptide immobilized on a chip, and this could impose a constraint on the flexibility of 

the N-domain peptide, which could reflect on the koff values, whereas NMR studies 

are performed in solution. Moreover, the buffer conditions used for SPR studies were 

different from those used for NMR studies, which could show differences in the koff.  
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Figure 4.8  CXCR1 N-domain binding induced line broadening analysis in 
WT* and I10A*. Relative intensity changes as function of peptide to protein mole 
ratio are shown for residues Ile10/Ala10, Lys20 and Leu51 in the WT* (○) and 
I10A* (●). 
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Figure 4.9 Kinetic off-rate constants determined from NMR line shape 
analysis of the residues in WT* on binding to CXCR1 N-domain. A plot 
showing the koff values of the residues in WT* (•) and I10A* (•).  
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Ile39/WT* Ile39/I10A* 

Figure 4.10 Kinetic analysis of the binding of WT* and I10A* to CXCR1 N-
domain.  1H-15N HSQC titration spectra of Ile39 showing the intensity changes in 
WT* and I10A* (upper panels). Peaks are color coded according for pb values of 0 
(black), 0.24 (green), 0.60 (blue), 0.8 (cyan) and 0.97 (red). R2 app fits as a function 
of pb for Leu25 in the WT* and I10A*, respectively (lower panels). koff values 
obtained from both the fits are 1609 ± 143 s-1 for WT* and 1928 ± 284 s-1 for I10A*. 
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 Most chemokines have a large hydrophobe (Ile/Leu/Val/Phe/Tyr) at the 

position corresponding to Ile10 in the IL-8 N-loop (Figure 4.11), indicating a 

evolutionarily conserved function for this residue and that it plays a key role in 

modulating receptor binding and function. Indeed, it has been shown for many protein 

families that evolutionarily conserved residues usually belong to a network of amino 

acids that mediate propagation of signals from one site to another through energy 

transduction mechanisms and/or through correlated motions (130, 131). Our data 

indicate that the steric bulk of Ile10 seems to play only a marginal role in direct site-I 

binding interactions, and therefore Ile10 must play an indirect role via coupling 

interactions between site-I and site-II.  

Structural basis of Ile10-mediated coupled interactions 

 Binding studies indicate that the I10A* binds with similar affinity to site-I as 

the WT*, but the resulting structural/dynamic changes do not allow optimal 

presentation of the N-terminal ELR residues, and so results in reduced intact receptor 

binding affinity and activity (Figure 4.12). In  thermodynamic terms, the total free 

energy of receptor binding, ΔGtotal is represented by the following equation: 

   ΔGtotal = ΔGsite-I + ΔGsite-II + ΔGcoupling   (4.6) 

where, ΔGsite-I and ΔGsite-II  are the free energy changes required for site-I and site-II 

interactions, and ΔGcoupling is the coupling free energy change between the two sites 

(13).  

Positive coupling implies site-I interaction decreases the free energy of 

binding required for site-II interaction, whereas negative coupling implies site-I 

interaction increases the free energy of binding for site-II interaction. ΔGsite-II should 

be similar for WT* and I10A* since the ELR residues are conserved. We observe 

from our ITC studies that ΔGsite-I for I10A* range from -7.6 to -7.8 kcal mol-1 and that 

of WT* range from -7.1 to -8 kcal mol-1 and therefore, ΔΔG site-I varies from ~ 0.2-0.7 

kcal mol-1. Therefore, a 2 fold difference in the binding affinity translates to a very 

small difference in ΔGsite-I between the two variants.  Binding studies to the intact 

CXCR1 receptor show that binding affinity of WT* and I10A* to CXCR1 is 2 nM 
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(ΔGtotal= -11.8 kcal mol-1) and 48 nM (ΔGtotal= -9.9 kcal mol-1), respectively. 

Therefore, this 24 fold reduction in the intact receptor binding affinity of I10A* must 

be due to differences in the coupling free energies (ΔΔGcoupling) between the two sites.  

From eq 4.6, ΔΔGcoupling is calculated to be ~-2.0 kcal mol-1.  

ITC data also showed that the ΔH and TΔS values for the binding of WT* and 

I10A* seems to be similar within experimental error, and that the binding is 

enthalpically favored and entropically disfavored (Table 4.2). Factors that contribute 

towards favorable enthalpy typically include van der Waals, hydrogen-bonding and 

electrostatic interactions, and those that contribute towards favorable entropy are 

increased dynamics, and release of water on binding. Considering small differences 

and also that the structures of the receptor-bound complexes are not available, 

discussing the enthalpic and entropic contributions in terms of structural basis and 

molecular mechanisms should be done with caution. Future high-resolution structure 

determination of the complex should identify intermolecular contacts between the 

ligand and the receptor N-domain residues, and therefore should allow more 

meaningful discussion on the different pairwise interactions that contribute to 

favorable enthalpy. Further, factors that contribute to favorable entropy is less well 

understood. Discussion of entropic factors is not straightforward without knowledge 

on the conformational flexibility and dynamic motions before and after ligand 

binding. Future experiments on the NMR relaxation studies of WT* and I10A* in the 

free and in the bound form should provide a more conclusive picture on how the 

binding induced changes in the dynamics of WT* and I10A* correlate with the 

enthalpic and entropic changes observed from the ITC experiments. 

In summary, we conclude that the side chain steric bulk of Ile10 in IL-8 plays 

a key role in mediating coupling interactions to site-II. This is the only study to our 

knowledge, which shows that mutating a functionally important solvent exposed 

hydrophobe in a chemokine has only marginal effect for site-I binding, but most 

remarkably plays an important role in communication to site-II resulting in overall 

optimal receptor binding affinity and function. 
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Figure 4.11 Residues corresponding to Ile10 in IL-8 are highly 
conserved. Sequences of CXC and CC chemokines are shown to indicate 
that the solvent exposed hydrophobe in the N-loop (shown in blue) is 
conserved. CXC and CC motifs are shown in red. 
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Figure 4.12 A schematic model that describes the role of the steric bulk of 
Ile10 in CXCR1 interaction. Site-I interaction of residue 10 (highlighted in pink) 
in WT* (panel A) and I10A* (panel B) are similar, but differences are observed at 
site-II (highlighted in blue) indicating that the steric bulk of Ile10 plays a role in 
coupling between site-I and site-II. 
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CHAPTER V 

DESIGNING INHIBITORS THAT TARGET IL-8-RECEPTOR 

INTERACTION 

 

INTRODUCTION 

  IL-8, one of the earliest chemokines discovered, plays a key role in neutrophil 

recruitment during host defense against infection and injury. A growing body of 

evidence suggests that it is intimately involved in the onset and progression of 

numerous inflammatory and autoimmune diseases, and so is an extremely attractive 

drug target (7, 132-135). Receptor binding of IL-8 is one of the key steps that trigger 

neutrophil activation and recruitment during host defense leading to further 

downstream signaling events. Therefore, IL-8-receptor interaction can be exploited as 

a drug target for developing potential therapeutics against inflammatory diseases. 

This requires knowledge of the ligand and receptor structures, as well as insights into 

the structural basis of receptor binding and function. Ligand structures are known, 

whereas structures of the receptor and of the ligand-receptor complex are not known.  

Structure-function data indicate that IL-8 binds its receptors CXCR1 and 

CXCR2 with high nM affinity (41). This involves interactions between the ligand N-

loop and the receptor N-domain (site-I), and the IL-8 N-terminus and the receptor 

exoloops/transmembrane residues (site-II) (13, 49, 51, 58, 64, 76, 80, 88, 89, 93). 

Sequence analysis of both ligands and receptors and also of chemokine structures 

show the largest difference for site-I residues. For instance, CXCR1 and CXCR2 

share 77% sequence identity, whereas the N-domain shows less than 50% identity. 

Structure-function studies have also shown that site-I interactions play a major role in 

determining both specificity and affinity (13, 58, 86, 88, 91, 92). 

 High throughput screening (HTS) of small molecule libraries is the 

conventional approach used in drug discovery. Most pharmas, and in recent times, 

universities use this approach because it is relatively straightforward and the 

methodologies are well established. Furthermore, designing a HTS assay for 
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screening of small molecules does not require a priori knowledge of the ligand or 

receptor structures. More than 50% of the drugs discovered via HTS target GPCRs, 

and so considerable effort has been expended for discovering inhibitors for 

chemokine receptors (136). Indeed, HTS methods employed by pharmaceutical 

companies have resulted in the identification of a number of hits that target the 

chemokine receptor, and some of these molecules are in the early phase clinical trials. 

Nevertheless, the disadvantage of the HTS approach is the lack of knowledge of the 

molecular basis of how and where the hits bind the target. 

An alternate strategy is the rational drug design approach, which makes use of 

the knowledge of the structures of the ligands, receptors, and ligand-receptor 

complexes. In this strategy, small molecules identified via HTS approaches are 

further optimized for higher affinity and potency, or peptidomimetics are designed 

that mimic the ligand/receptor binding sites. This approach is less popular for reasons 

that it is time consuming, requires significant initial investment, and moreover, the 

structures of the target are always not available. However, this approach could be 

quite powerful for designing second-generation molecules from those hits initially 

identified via HTS screening approaches.  

 In this study, we ask whether targeting the ligand instead of the receptor could 

result in potential small molecule inhibitors. Targeting the ligand allows neutralizing 

chemokine function at the site of insult. It is now well established that IL-8 binds its 

receptors at site-I with µM affinity (91, 109). Therefore, design of a small molecule 

inhibitor should bind IL-8 N-loop with similar or ideally higher affinity and 

specificity, and thus prevent site-I interaction. Towards accomplishing this goal, two 

approaches were used.  

The first approach involved development of a fluorescence-based HTS assay 

for screening small molecule inhibitors that will bind IL-8 and thus prevent its 

interaction with the receptor N-domain. For this purpose, the N-terminus of the 

CXCR1 N-domain was fluorescently labeled, and changes in the fluorescence 

polarization (FP) and total fluorescence (TF) were monitored on binding to IL-8. 

Assay development involved optimizing the incubation time and temperature for 
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binding, testing for assay reproducibility and reliability, and testing the effect of 

DMSO on the binding. 

The second approach was to use the knowledge gained from the structure-

function studies on IL-8. The structure of IL-8 monomer shows that the N-loop and 

the third β-strand residues form a well-defined CXCR1 N-domain binding 

hydrophobic groove (26) (Figure 5.1); ITC studies described in chapter 4, as well as 

previous studies showed that the binding of the IL-8 monomer to the CXCR1 N-

domain is enthalpically favored and entropically disfavored (109). Therefore, to 

minimize the loss of binding induced conformational entropy, a cyclic CXCR1 N-

domain was designed by linking the C-terminus of the linear peptide to the N-

terminus using a disulfide bond. Results from these studies, including progress and 

hurdles faced are discussed and some potential strategies for inhibiting IL-8-receptor 

interaction are outlined. 

 

 

Figure 5.1  Schematic of the IL-8 monomer showing the CXCR1 N-domain 
binding groove. The hydrophobic binding groove for CXCR1 N-domain is 
formed by the IL-8 N-loop and the third β-strand residues. 
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EXPERIMENTAL PROCEDURES 

Protein expression and purification for high throughput assay development   

Expression and purification of recombinant IL-8 (1-66) monomer was 

performed in BL21DE3 E. coli using previous established procedures (91, 109). The 

lyophilized protein was dialyzed against the fluorescence assay buffer, 50 mM NaCl, 

50 mM HEPES, pH 8.0 and the purity and molecular weight was confirmed using 

analytical HPLC and MALDI-MS respectively.  

Unlabeled CXCR1 N-domain (24-mer) was synthesized using solid phase 

peptide synthesis and is the same as that used for the NMR binding studies described 

in chapter 2. The fluorescently labeled CXCR1 N-domain (FITC 24-mer) consists of 

a fluorescein isothiocyanate (FITC) tag at the amino terminus, and was also 

synthesized using solid phase peptide synthesis. 

General methods 

For HTS experiments involving fluorescence assay development and 

optimization for high throughput screening, fluorescence polarization (FP) and total 

fluorescence (TF) were measured on the binding of the IL-8 monomer to the FITC 

24-mer. All FP and TF measurements were carried out in a 384-well, low-volume, 

black round-bottom polystyrene NBS microplate (Corning) using a Spectromax M5 

plate reader (Molecular Devices, Sunnyvale, CA, USA). Addition of reagents was 

carried out using Biomek FXp dual arm robot (Beckman Coulter Inc. USA) The 

polarization values are reported in millipolarization units (mP) and the TF were 

measured at an excitation wavelength of 485 nm and an emission wavelength of 538 

nm. The data were fitted using SigmaPlot 10 to determine the window size (ΔmP), 

binding constant (Kd) and inhibition constant (Ki ). 

Optimizing the incubation time for the binding of the IL-8 monomer to FITC 24-mer 

The optimal incubation time required for performing the high throughput 

assay, was determined as follows. To each well, 10 µl of 100 nM FITC 24-mer and 10 

µl of increasing concentrations of the IL-8 monomer were added to the assay buffer 
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(50 mM NaCl, 50 mM HEPES, pH 8). FP and TF measurements were measured at 

RT and 4°C for incubation times, 0, 0.15, 0.45, 1, 2, 6, 8 hrs. The data were fitted to 

obtain the binding constant, Kd. 

Competitive inhibition experiments with unlabeled 24-mer  

 The inhibition constant, Ki or IC50 for competitive inhibition of the binding of 

FITC 24-mer using the unlabeled 24-mer was determined as follows. To each well, 10 

µl of increasing concentrations of excess unlabeled CXCR1 N-domain 24-mer (0.007 

nM-59.3 µM) and 10 µl of IL-8 bound FITC 24-mer (master mix) were added. The 

final concentrations of the FITC 24-mer and IL-8 monomer in the master mix were 

0.1 µM and 2.34 µM, respectively. FP and TF values were read at RT and the data 

was fitted to estimate ΔmP and IC50, which is the half maximal concentration for the 

inhibition of the unlabeled peptide.  

Calculation of Z’ factor 

To calculate the Z’ factor, the binding assay was carried out in a 384 well 

plate using a constant amount of IL-8 monomer, 2.3 µM, and FITC 24-mer, 0.1 µM. 

The experiment was carried out with unlabeled 24-mer concentrations 5 µM, 10 µM 

and 20 µM.   

 The 384-well plate was split into three sections, with each section containing 8 

columns and 16 rows. To the first section containing 10 µl of buffer in each well, 10 

µl of a mixture containing IL-8 monomer and FITC 24-mer at concentrations, 2.3 µM 

and 0.1 µM, respectively were added. The TF of the binding of the IL-8 monomer to 

the FITC 24-mer was measured for the positive control. To the second section 

containing 10 µl of buffer in each well, 10 µl of FITC 24-mer at final concentration of 

0.2 µM was added and the TF was measured for the negative control. To section 

three, 10 µl of a mixture containing IL-8 monomer and FITC 24-mer at 

concentrations, 2.3 µM and 0.1 µM, respectively were added to 10 µl of unlabeled 24-

mer with concentrations of either 5 µM, 10 µM or 20 µM. The TF was measured for 

the inhibition of unlabeled 24-mer as the positive control. 
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The Z’ factor was calculated for both the binding of the IL-8 monomer to the 

FITC-24 mer, and for the inhibition of unlabeled 24-mer using the formula, 

 

    (5.1) 

 

where, σp and σn are the standard deviations of the positive control and the negative 

control, and µp and µn are the means of the positive and the negative controls 

respectively. 

Effect of DMSO on the binding 

The objective was to test the effect of DMSO on the binding since the small 

molecule library to be screened is dissolved in DMSO, The effect of DMSO on the 

binding of the IL-8 monomer was tested by adding 10 µl of 5% DMSO in the assay 

buffer containing FITC 24-mer at 0.1 µM, and 10 µl of increasing concentrations of 

IL-8 monomer. FP and TF values were read and the data was fitted to estimate Kd. 

Nonlinear least square fitting 

All FP and TF data were fitted to a single site model using a four-parameter fit 

with Sigma Plot 10 using the equation, 

                (5.2) 

where, Y is either FP or TF, ΔmP is the window size, B is the average of the FP or TF 

value corresponding to free IL-8, X are the IL-8 concentrations and Kd is the binding 

constant. 

Design of the cyclic CXCR1 N-domain peptidomimetic 

Design of cyclic peptides against IL-8 requires using the principles of 

peptidomimetic design (137).  One of the principles of designing a peptidomimetic is 

to optimize the ring size to increase the affinity as well as the potency. This strategy 

has been employed to successfully design cyclic peptides for other protein classes 
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(138). The cyclic CXCR1 N-domain was designed by linking the C-terminus of the 

linear CXCR1 N-domain (24-mer) to the N-terminus using a disulfide bond. The 

peptide was synthesized using solid phase peptide synthesis. The sequence of the 

cyclic peptide is shown below.  

                                                                                                      
                                         

GGCLWTWFEDEFANATGMPPVEKDYSPCGG 
 

NMR Spectroscopy 

  For NMR binding studies with the cyclic CXCR1 N-domain, 15N labeled IL-8 

(1-66) monomer was expressed and purified as described in chapter 2. Titration of the 

cyclic CXCR1 N-domain (24-mer) into 15N labeled IL-8 (1-66) monomer was carried 

out similar to the titration studies involving the linear cyclic CXCR1 N-domain (24-

mer) as described in chapter 2. The final peptide:protein molar ratio was 7.5. Two-

dimensional 1H-15N HSQC spectra were acquired with 2048 complex points for direct 
1H and 128 complex points for indirect 15N dimension. All spectra were recorded 

using Varian INOVA 800-MHz spectrometers equipped with field gradient 

accessories. The spectra were processed using NMRPipe (99) and analyzed using 

NMRView (100). 

 

RESULTS  

 

Design of a fluorescence assay for HTS of small molecules 

 Developing a robust and sensitive high throughput fluorescence-based assay is 

fundamental for screening small molecules that will inhibit IL-8-receptor binding at 

site-I. For this purpose, we used FP and TF. FP exploits the property that the 

polarization is proportional to the size of the protein complex. TF measures the 

change in the fluorescence intensity of the protein in its free vs. complexed state. FP 

has been successfully used to identify small molecule compounds that inhibit a wide 

variety of protein-protein interactions (139). The approach was to monitor the binding 
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of the FITC 24-mer to IL-8 using FP and TF. FP and TF measurements provide 

information on the screening parameters such as binding affinity as measured by the 

Kd, and window size (ΔmP), which represents the dynamic range of the assay in units 

of milli polarization and is defined as the difference in polarization between the free 

and the bound N-domain peptide.  

Time course experiments 

 Initial experiments involved optimizing the incubation time required for the 

binding of the IL-8 monomer to the FITC 24-mer. It was observed that the binding 

resulted in a change in both FP and TF. TF resulted in a larger window size compared 

to FP (ΔmP ~70 units for TF vs. 30 units for FP). Therefore, only TF was used to 

monitor the binding of the monomer to the FITC 24-mer. It was observed that the IL-

8 monomer binds the FITC 24-mer with an affinity of ~0.4 µM. We observed that Kd 

and ΔmP at RT and at 4°C did not vary as a function of incubation time and 

temperature (Figure 5.2 and Table 5.1). Therefore, all TF measurements were 

carried out at RT without any incubation time.  

 

 

 

 

 
 

Figure 5.2 Time course experiments on the binding of the IL-8 monomer to 
FITC 24-mer. FITC 24-mer binding induced change in TF (y-axis) at RT (panel 
A) and at 4°C (panel B) are plotted against IL-8 monomer concentration in log 
units (x-axis) for incubation times 0 (○), 1 (•) and 8 hrs (•), respectively.  
 

A B 
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At RT Time (hrs) Kd (µM) ΔmP 
   0    0.4 ± 0.04 53 ± 1 
   0.15    0.4 ± 0.06 64 ± 1 
   0.45    0.4 ± 0.04 60 ± 1 
   1    0.4 ± 0.06          60 ± 1 
   2    0.4 ± 0.06 60 ± 1 
   6    0.4 ± 0.07          60 ± 1 
   8    0.5 ± 0.08 52 ± 1 

At 4°C 0    0.4 ± 0.07 65 ± 1 
   0.15    0.3 ± 0.06  67 ± 1 
   0.45    0.2 ± 0.06 75 ± 1 
   1    0.3 ± 0.06  69 ± 2 
   2    0.3 ± 0.06  64 ± 1 
   6    0.3 ± 0.07  71 ± 2 

   8    0.3 ± 0.07  71 ± 2 
 

Table 5.1 A summary of the time course experiments on the binding of the 

IL-8 monomer to FITC 24-mer. The binding measurements using TF were 

carried out at RT and 4 °C and the incubation time, binding constant (Kd) and 

window size (ΔmP) are reported.  
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Competitive inhibition experiments 

 Competitive binding experiments were carried out after determining the final 

IL-8 concentration at which the binding is 70% complete. This corresponds to an IL-8 

concentration of 2.3 µM and ΔmP of 50 units, and was estimated from the binding 

curve shown in Figure 5.2, panel A. Unlabeled peptide was added to the FITC 24-

mer bound IL-8 at a concentration that is 100-fold excess over IL-8 concentration. I 

observed that the unlabeled peptide competed with the labeled peptide with an IC50 of 

2 ± 1 µM (Figure 5.3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 Competitive binding of unlabeled CXCR1 N-domain with 
FITC 24-mer bound to the IL-8 monomer. The displacement of the FITC 
24-mer is measured by recording the TF (•) (y-axis) as a function of CXCR1 
N-domain (24-mer) concentration in log units (x-axis). The IC50 and ΔmP are 
2 ± 1 µM and 71 ± 4 µM, respectively. 
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Calculation of Z’ factor 

 The quality (precision) and reproducibility of the assay was tested by carrying 

out Z’ factor experiments. A Z’ factor of  >0.5 indicates that the assay is reliable. The 

closer the Z’ factor is to 1, the more reliable is the assay although it is technically 

impractical to get a Z’ factor of 1. The experiments were repeated twice and at 

different times and days to account for intra-plate, inter-plate and day-to-day 

variations in the assay results. The Z’ factors for unlabeled peptide concentrations at 

5, 10 and 20 µM were ~0.8. From the measured TF values, the % inhibition of the 

unlabeled peptide was calculated. This was done to determine the cut off % inhibition 

for identifying a positive hit during the screening process. The experiment at 5 µM 

unlabeled peptide concentrations was repeated at 2 different days (Figure 5.4). 

Results showed that there are differences in the average TF values for bound FITC 

24-mer, the inhibition of the unlabeled peptide and ΔmP values determined at two 

different days suggesting poor reproducibility of the experiment.  

The Z’ factor experiments carried out at 10 and 20 µM peptide concentrations 

yielded similar results (Figures 5.5 and 5.6). I also observed inter-plate variations 

and that the % inhibition values were quite similar to that obtained at 5 µM peptide 

concentrations. Ideally, the % inhibition should increase with increasing unlabeled 

peptide concentrations. From these experiments, it was concluded that the assay is not 

reproducible due to large standard deviations in the average TF and ΔmP values and 

also due to intra-plate, inter-plate and day-to-day variations in the assay results. This 

is most likely due to low signal to noise and could be overcome if ΔmP is increased.  
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A B 

Figure 5.4 Z’ factor calculations at 5 µM unlabeled peptide concentration. 
Panels A and B show the row averages for the TF (y-axis) of bound FITC 24-mer 
(•), free FITC 24-mer (○) and the inhibition of the unlabeled 24-mer peptide at 5 
µM concentration (•) on two different days. The average TF, the % inhibition of 
the unlabeled 24-mer and ΔmP are shown. The Z' factor for the inhibition of the 
unlabeled peptide is ~0.7. 
 
 
 

A 

 
 

Bound FITC 24-mer = 151 ± 10 µM  
Inhibition of unlabeled 24-mer = 115 ± 7 µM  
Free FITC 24-mer = 90 ± 5 µM  
% inhibition = 60 ± 12 
ΔmP= 62 ± 4  
 

Bound FITC 24-mer = 180 ± 7 µM  
Inhibition of unlabeled 24-mer=138 ± 9 µM  
Free FITC 24-mer = 88 ± 4 µM  
% inhibition = 44 ± 9 
ΔmP= 92 ± 4 
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B 

Figure 5.5 Z’ factor calculations at 10 µM unlabeled peptide concentration. 
The row averages of the TF (y-axis) of bound FITC 24-mer (•), free FITC 24-mer (○) 
and the inhibition of the unlabeled 24-mer peptide at 10 µM concentration (•) are 
shown for day1 (panel A) and day 2 (panels B and C). Panels B and C represent 
experiments performed with two different plates. The average TF, the % inhibition of 
the unlabeled 24-mer and ΔmP are shown. The Z' factor for the inhibition of the 
unlabeled peptide in all three experiments is ~0.8-0.9. 
 
 
 

 

Bound FITC 24-mer = 170 ± 10 µM  
Inhibition of unlabeled 24-mer=134 ± 5 µM  
Free FITC-24mer = 94 ± 6 µM  
% inhibition = 60 ± 9 
ΔmP= 77 ± 4 
 

Bound FITC 24-mer = 177 ± 11 µM  
Inhibition of unlabeled 24-mer = 121 ± 9 µM  
Free FITC 24-mer = 84 ± 6 µM  
% inhibition = 60 ± 9 
ΔmP = 93 ± 6  
 

Bound FITC 24-mer = 191 ± 7 µM  
Inhibition of unlabeled 24-mer = 127 ± 7.9 µM 
Free FITC 24-mer = 69 ± 6 µM  
% inhibition = 51 ± 6 
ΔmP= 122 ± 2 
 

A 

C 
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A B 

Figure 5.6  Z’ factor calculations at 20 µM unlabeled peptide concentration. 
The row averages of the TF (y-axis) of bound FITC 24-mer (•), free FITC 24-mer 
(○) and the inhibition of the unlabeled 24-mer peptide at 20 µM concentration (•) 
are shown for experiments done with two different plates (panels A and B). The 
average TF, the % inhibition of the unlabeled 24-mer and ΔmP are shown. The Z' 
factor for the inhibition of the unlabeled peptide in both experiments is ~ 0.7. 
 
 
 
 
 

   

Bound FITC 24-mer = 176 ± 11 µM  
Inhibition of unlabeled 24-mer = 109 ± 9 µM  
Free FITC 24-mer = 47 ± 3 µM  
% inhibition = 51 ± 7 
ΔmP = 130 ± 4  
 

Bound FITC 24-mer = 167 ± 10 µM  
Inhibition of unlabeled 24-mer = 105 ± 8 µM  
Free FITC 24-mer = 60 ± 3 µM  
% inhibition = 57 ± 7 
ΔmP = 107 ± 7 
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The effect of DMSO  

The effect of DMSO was tested from competitive binding experiments of the 

unlabeled 24-mer in the presence of 5% DMSO. This is the minimal DMSO 

concentration needed for small molecule screening. The 5% DMSO was incorporated 

in the assay buffer and the experiment was carried out in the similar way as described 

for the same assay without DMSO. There was no competition of the unlabeled 

peptide in 5% DMSO indicating that DMSO interferes in the assay. This experiment 

was repeated twice to test for reproducibility (Figure 5.7). A control experiment 

without any DMSO showed that the unlabeled peptide displaced the FITC 24-mer at 

an IC50 of ~0.8 µM.  

Alternative solutions 

 Our studies indicate that using FP is limiting due to the small size difference 

between the CXCR1 N-domain in its free and the bound form. IL8 is ~7 kDa in size 

and the CXCR1 N-domain is ~3 kDa. Even when using TF, the signal to noise ratio 

should be large enough so that the ΔmP is large. Either using a shorter CXCR1 N-

domain peptide or increasing the molecular weight of IL-8 could overcome these 

problems.  

 Synthesizing a shorter CXCR1 N-domain may not be practical because 

reducing the size might disrupt some of the key native interactions in the complex. 

The latter solution is more straightforward as IL-8 can be expressed as a fusion 

protein. Binding studies with IL-8 fused to a thioredoxin tag was carried out but it 

was observed that the tag interfered with the binding as the binding affinities 

measured with and without the tag were not similar. An alternate solution to this is to 

carry out assay optimization studies with IL-8 fused to a glutathione-S-transferase 

(GST) tag or other tags.  
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Testing for batch to batch variation in the binding assay in the presence of 5% DMSO 

The binding assay was carried out with two different batches of IL-8 (1-66) in 

the presence of 5% DMSO (Figure 5.8). The binding curves did not reach saturation, 

and so the data could not be fitted to obtain reliable Kd and ΔmP values. This is 

contrary to what was observed for the binding of IL-8 without DMSO in the buffer, 

which showed that the binding reached saturation (Figure 5.2). These experiments 

reiterate that the assays are not reproducible and that there is batch-batch variation in 

the binding of IL-8.  

 

Summary 

Efforts on the optimization of the high throughput fluorescence assays for 

screening resulted in low signal to noise ratios due to small ΔmP, poor assay 

reproducibility due to variations in Kd, ΔmP, and batch to batch variations in the assay 

results.  

Figure 5.7   Effect of 5% DMSO on the competitive binding of unlabeled 24-
mer. Competition of the unlabeled 24-mer with the FITC 24-mer bound to IL-8 
monomer in the presence of 5% DMSO (panel A) and without DMSO (panel B) are 
shown. The unlabeled peptide displaces the FITC 24-mer bound to the IL-8 
monomer at an IC50 and ΔmP of 0.9 ± 0.5 µM and 87 ± 4 µM respectively. 
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Binding of the IL-8 monomer with cyclic CXCR1 N-domain 

ITC studies have shown that the enthalpic and entropic changes on site-I 

interaction of the IL-8 monomer are  ~-8 kcal mol-1 and ~-1.2 kcal mol-1 (chapter 4), 

indicating that the binding is enthalpically favored and entropically disfavored. 

Therefore, to design peptidomimetic that binds with high affinity requires increasing 

the favorable enthalpic interactions and/or decreasing the unfavorable entropic factors 

(140, 141). As the structures of the receptors or that of the ligand-receptor complexes 

are not available, the structural basis of interactions that contribute to enthalpy such as 

hydrophobic, electrostatic, and H-bonding are not known. Moreover, factors that 

contribute to favorable entropic changes are more complex and are less well 

understood.  However, it is generally believed that loss of conformational entropy is 

one of the factors that disfavors binding. Therefore, we hypothesized that designing a 

cyclic CXCR1 N-domain peptide should minimize the loss of conformational 

entropy, and result in overall higher binding affinity. Such a strategy has been shown 

Figure 5.8   Effect of 5% DMSO on the binding of IL-8 monomer. Panels A 
and B show the binding curves of IL-8 monomer with and without 5% DMSO 
respectively.  
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to result in tighter binding in a number of systems (142, 143). To address this 

hypothesis, a cyclic CXCR1 N-domain was designed by linking the C-terminus of the 

linear CXCR1 N-domain 24-mer with the N-terminus using a disulfide bond. 

Titration of the cyclic peptide into labeled IL-8 monomer resulted in selective 

chemical shift perturbations of residues in the N-loop, third β-strand and helix, but the 

perturbations were significantly lower than what was observed for the linear peptide 

(Δδ of ~0.05 vs. >0.25 ppm) (Figure 5.9). Binding induced chemical shift 

perturbations could not be fitted to obtain the binding affinity for the cyclic peptide 

indicating weak binding (Kd >1mM). Furthermore, ITC studies could not be carried 

out due to the weak binding affinity, and so the ΔH and ΔS for the interaction of the 

cyclic peptide are not known. It is most likely that the binding of this cyclic peptide 

does not allow optimal interactions resulting in loss of favorable enthalpic energy. It 

is clear that our approach of just using one peptide is limiting, and approaches to 

increase favorable enthalpic interactions and simultaneously minimize loss of entropy 

require a more exhaustive study of designing a series of peptides with different linker 

lengths, and using lactam bridges instead of disulfides. 

 

 

 

 

 

 

 

 

 

 



       

  101 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 

B 

Figure 5.9  Chemical shift perturbations in the IL-8 monomer on binding to 
cyclic and linear CXCR1 N-domains.  Histogram plots showing the total chemical 
shift perturbations in the IL-8 monomer on binding to cyclic CXCR1 N-domain 
(panel A) and linear CXCR1 N-domain (panel B). The asterisk denotes residues 
Ile39 and Asp52, which broaden out during titration of the cyclic CXCR1 N-domain 
and Lys15, which broaden out during titration of the linear CXCR1 N-domain. 
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DISCUSSION 

Chemokines and their receptors play key roles in numerous inflammatory and 

autoimmune diseases, and so represent a targetable class of molecules for developing 

anti-inflammatory therapeutics (144). However, this notion often draws skepticism 

because of the complexity involved in the ligand-receptor interaction. Ligand-receptor 

interaction involves a single ligand binding multiple receptors, as well as a single 

receptor binding multiple ligands (13).  Also, many ligands are known to dimerize 

and oligomerize and the receptors are also known to dimerize. So receptor activation 

can involve binding of monomeric and dimeric ligands, which further contributes 

towards the complexity. 

 Despite this skepticism and the question of specificity issues, HTS approaches 

have successfully identified small molecule inhibitors, and some of them are already 

in clinical trials (144). The discovery of small molecule drugs against CCR5 for HIV 

prevention, and against CXCR4 for hematopoietic stem cell mobilization herald the 

first triumphs for small molecule inhibitors (144). Currently, five inhibitors that target 

IL-8 receptors are in early phase clinical trials. Four of them target CXCR2 with high 

specificity, and only one inhibitor called reparixin targets both CXCR1 and CXCR2 

(145-150). These inhibitors block receptor activity by binding to site-II, which is 

highly conserved in sequence among the receptors. Antibodies that target the ligand 

neutralize the ligand, however the efficacy of the antibodies in clinical trials remains 

unknown. A CXCR1 N-domain peptidomimetic that was generated by replacing the 

residues in the center of the peptide that act as a scaffold with a six amino acid 

hexanoic acid linker showed similar potency in inhibiting IL-8-receptor binding 

compared to that of the linear CXCR1 N-domain (151).  

Our approach is distinctly different in that it targets the ligand, and targets the 

site-I interaction. Our attempt to develop a HTS assay that target the IL-8 N-loop by 

competitively inhibiting the binding of the CXCR1 N-domain was not successful. 

This is because the compatibility of the assay with the target system has to be taken 

into account during assay development. In this case, the screening window size in the 
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fluorescence assay was small because of the small change in anisotropy between the 

N-domain in its free and the bound form. There were additional difficulties such as 

poor reproducibility and batch-to-batch variations in the assay results. All of these 

problems highlight the practical limitations of developing assays for HTS approaches.  

 The second approach of minimizing unfavorable entropic interactions was not 

successful most likely due to significant loss of favorable enthalpic interactions. 

However, small molecule cyclic peptidomimetics of polyphemusins, T140 and its 

analogues that target CXCR4 receptor have been potent in inhibiting HIV infection, 

cancer metastasis and rheumatoid arthritis (152-154). The peptidomimetics used in 

these studies are small in size, and are essentially cyclic pentapeptides consisting of 

key residues that are required for high inhibition potency. In our case, reducing the 

size of the CXCR1 N-domain becomes an issue as truncation analogs of CXCR1 N-

domain exhibits decreased potency in inhibiting IL-8-receptor binding (90). 

In summary, on the basis of these studies, and from what is currently known 

regarding various studies on small molecule drug design for chemokine-receptor 

interaction, identifying small molecules inhibitors that target the active site of IL-8 is 

a promising approach towards developing anti-inflammatory therapeutics. Developing 

a HTS assay is possible if issues such as compatibility of the system and assay 

reproducibility are accounted for. Successful identification of hits through this 

process should allow further characterization using structure-based approaches, and 

can be tested for potency and efficacy in vivo. Rational drug design of CXCR1 N-

domain peptidomimetics holds promise if the design allows enthalpic and entropic 

free energy changes to favorably contribute to its interaction. Future studies on the 

structure determination of the CXCR1 N-domain-IL-8 complex should provide 

further insights for our HTS and peptidomimetic approaches. 
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APPENDIX 

Table  A1   15N and 1H chemical shifts of MGSA monomer at 40 °C, pH 4.5. 

Residue 15N HN Hα   Hβ   Hγ     Hδ   Hε   
Val3 121.81 8.19 4.15  2.08  0.92 0.92      
Ala4 127.44 8.33 4.32  1.38         
Thr5 113.11 7.92 4.19  4.28     1.16    
Glu6 122.02  8.30 4.30  2.22 1.97        
Leu7 122.19 8.02 4.27  1.37  1.57   0.86    
Arg8 118.80 7.85 4.74  2.08 1.80 1.57   3.21    

Cys9major 119.29 8.38 4.65  3.78 2.72        

Cys9minor 119.29   8.34 4.65  3.78 2.72        
Gln10 125.51 11.06 4.29  2.02 1.99        
Cys11 120.93   9.42 4.87  3.17 2.72        
Leu12 125.31   8.60 4.35  1.67 1.67 1.65   0.94    
Gln13 116.54 7.77 4.62  2.34 2.04 2.30 2.30      
Thr14 112.49 8.41 4.59  3.99  1.05       
Leu15 121.97 8.58 4.67  1.64  1.25   0.94 0.68   
Gln16 119.61   8.70 4.46  2.18 2.02 2.46 2.46      
Gly17 104.95 7.67 3.86 3.90          
Ile18 117.70 7.03 4.22  1.69  1.39 1.05 0.72     
His19 125.41 8.43 4.64  3.09 3.09        
Lys21 118.93 9.58 4.25  1.83 1.83 1.35 1.35      
Asn22 115.05 8.13 4.87  3.12 2.75    7.63    
Ile23 120.40 7.63 3.90  1.91  1.63 0.76  0.76    
Gln24 127.21 9.34 4.51  1.86 1.77 2.29 2.29    7.95  
Ser25 112.76 8.18 5.38  4.17 3.92        
Val26 119.29 9.21 4.78  1.78  0.76       
Asn27 126.34 8.79 5.69  2.87 2.61        
Val28 126.93 9.29 4.57  2.14  0.82       
Lys29 126.89 9.34 4.71  1.91 1.71        
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Residue 15N HN Hα   Hβ   Hγ     Hδ   Hε   
Ser30 120.70 7.94 4.76  4.02 4.02        
Gly32 111.02 8.52 4.38 4.03          
His34 112.07 8.39 4.64  3.23 2.94        
Cys35 116.63 7.28 4.68  2.95 2.02        
Ala36 131.64 8.80 4.53  1.45         
Gln37 115.86 7.46 4.77  2.19 1.94 2.34     7.24 6.80 
Thr38 121.06 8.52 4.51  3.94  1.16       
Glu39 124.09 8.59 4.88  2.79 1.96 2.34       
Val40 124.17 9.50 4.9  2.23  0.80       
Ile41 126.05 9.12 4.69  1.82  1.49 0.78      
Ala42 134.22 9.80 5.26  1.33         
Thr43 119.27 9.13 4.75  4.19  1.17       
Leu44 128.50 9.39 5.02  2.13 1.75 1.66   0.75    
Lys45 121.14 8.40 3.98  1.77  1.34 1.34      
Asn46 113.95 7.66 4.62  3.26 2.83        
Gly47 107.92 8.13 4.32 3.56          
Arg48 120.35 7.66 4.34  1.88  1.60 1.6  3.57 3.57   
Lys49 119.36 8.24 5.24  1.68  1.53       
Ala50 123.80 9.10 4.66  1.23         
Cys51 121.35 8.93 5.55  3.88 3.13        
Leu52 121.87 8.94 4.93  1.42 1.42 1.60   0.70    
Asn53 122.04 8.78 4.74  2.98 2.79        
Ala55 116.41 7.57 4.34  1.40         
Ser56 115.06 7.65 4.85  4.19 4.19        
Ile58 116.40 7.57 3.88  1.92  1.40 0.88      
Val59 121.31 7.26 3.43  2.34  1.06 0.85      
Lys60 117.68 7.30 3.76  1.91 1.91 1.49       
Lys61 116.94 7.22 4.05  1.92         
Ile62 119.55 8.18 3.54  2.01         
Ile63 117.00 7.71 4.24  1.92         
Glu64 116.78 8.08 3.83  2.13  2.56       
Lys65 122.38 8.30 4.3  2.02 1.98        
Met66 117.96 7.72 4.17  2.08 1.97 2.82 2.44    1.93  
Leu67 121.56 7.08 4.17  1.68  2.09   0.79    
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Lys15 Glu48 

Leu49 

Figure A1.   Line broadening in the IL-8 monomer on binding to CXCR2 N-
domain R2-25mer.  Intensity changes in the IL-8 monomer (y-axis) on binding 
to R2-25mer as a function of peptide:protein mole ratio (x-axis) are shown for 
Lys15, Glu48, and Leu49. Glu48 and Leu49 show relatively higher chemical shift 
perturbations compared to the remaining residues, but do not change in intensity, 
whereas the peak corresponding to Lys15 disappears during titration.  
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 Figure A2.   pH induced conformational heterogeneity of MGSA 
monomer. 1H-15N HSQC spectra of the MGSA monomer at pH 6, 
5.5 and 4.5 respectively are shown (panels A-C). The data was 
collected at 30°C using an 800 MHz NMR spectrometer. 
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A B 

Figure A3.  Effect of pH and temperature on the conformational 
heterogeneity of WT MGSA dimer.  Panel A show the populations of the 
major (●) and the minor conformers (○) for His34 as a function of pH at 30°C. 
Panel B shows the populations of the major (●) and the minor conformers (○) 
for His34 as a function of temperature, and at constant pH 6.0. 
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